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Human embryonic stem cells (hESCs) can provide insights into the development of 
inaccessible human tissues such as embryonic endoderm, mesoderm, ectoderm and 
further differentiated progenies. However, a lack of efficient methods for isolating 
pure populations of these cells has hindered the progression in this area. By using the 
transposon-mediated BAC reporter system, we have established a reporter library for 
different lineages of the three germ layers. These reporter lines allow us to identify, 
isolate and monitor the progenitors in vitro. We discover that LGR6, which is reported 
before as an adult stem cell marker of the hair follicle, shows relatively higher gene 
expression level in early cardiac mesoderm development. Depletion of LGR6 primes 
hESCs towards the mesoendodermal lineage, with upregulation of early 
mesoendodermal genes and few changes of most pluripotency genes except for 
NANOG. In addition, we find increased NANOG binding on the promoters of the early 
mesodendodermal genes in LGR6 KO cells. Together, we establish a resource library 
of multi-lineage reporter cell lines and uncover a novel function of LGR6 gene in the 
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1.1 Stem cell 
Stem cells are undifferentiated cells that can divide to expand its population and also 
possess the ability to differentiate into specialized cell types. Based on their 
differentiation potential, the stem cells can be further divided into totipotent stem cells, 
pluripotent stem cells, multipotent stem cells and unipotent stem cells (Hans, 2007; 
Mitalipov and Wolf, 2009).  
 
Figure 1.1 Development of the human fertilized embryo. The diagram shows the 
different stages of development in human. Totipotent cells are 2-8 cells that cleaved 
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from fertilized egg and can give rise to an entire organism including extra-embryonic 
lineages. Pluripotent stem cells are derived from the inner cell mass of the blastocyst. 
These cells can undergo self-renewal in culture and give rise to any cell type of the 
endoderm, mesoderm and ectoderm. Multipotent stem cells and unipotent stem cells 
can give rise to specific cells such as the cells in circularotry system, nervous system 
and immune system. (Taken from Wikipedia: Stem Cell; 
https://en.wikipedia.org/wiki/Stem_cell#/media/File:Stem_cells_diagram.png) 
 
Totipotent stem cells can produce all the cell types in an organism (Seydoux and 
Braun, 2006) and exist in human embryo before the 16-cell stage (Asch et al., 1995) 
(Figure 1.1). Pluripotent stem cells can produce almost all the cell types in an organism 
except for some extraembryonic cell types (Mitalipov and Wolf, 2009; Guan et al., 
2006). Multipotent stem cells can produce some closely related cell types (Tallone et 
al., 2011; Beltrami et al., 2003; Ohgushi et al., 2011; Uccelli et al., 2008); for example, 
hematopoietic stem cells which can differentiate into several blood cell types 
(Morrison and Weissman, 1994; Broudy, 1997). Unipotent stem cells can only 
differentiate into one cell type like muscle stem cell (Clarke et al., 2000; Mimeault et 
al., 2007; Raff, 2003).  
1.2 Human embryonic stem cells 
Human embryonic stem cell (hESC) is one kind of pluripotent stem cells. Human 
ESCs have two major characteristics: unlimited self-renewal capacity and pluripotent 
potential, which means that these cells possess the ability to proliferate indefinitely in 
vitro and are able to give rise to almost all the cell types in the human body. Based on 
these two characteristics, wide applications of hESCs have been explored in the 
clinical field. One major aspect is regenerative medicine, which is focused on 
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replacing or regenerating damaged human cells to regain their normal function. For 
example, hESCs derived insulin-producing ß-cells have been tested to serve as an 
alternative treatment for diabetes (D’ Amour et al., 2006) and dopamine-producing 
neuron cells generated from hESCs have also been reported to have potential function 
in the treatment of Parkinson diseases (Perrier et al., 2004; Parish et al., 2007). 
Another popular application is the establishment of in vitro cellular models, which 
can be used to screen drug toxicity. For instance, hESC derived cardiomyocytes have 
been tested to evaluate cardiotoxicity such as Torsades de Pointes (Jensen et al., 2009). 
Besides the clinical applications, hESC can also be utilized to broaden the knowledge 
of human early embryonic development. 
1.3 Human embryonic development 
In the early human embryo development, after the 7th cleavage of the fertilized egg, 
128 cells are produced and the embryo at this stage is called a blastula (Mikawa et al., 
2004). Next, an opaque streak, called the primitive streak, forms in the blastura. Then, 
the primitive streak extends and creates the left–right and cranial–caudal body axes 
and this process marks the first symmetry-breaking event in the embryo (Downs, 
2009; Chuai et al., 2006). After that, cells from the epiblast experience 
epithelial-mesenchymal transition and the single-layered blastura is reorganized into 
three layered structure known as gastrula (Chuai and Weijer, 2008). These three germ 
layers are named as endoderm, mesoderm and ectoderm. Since Thomson derived 
human ESCs and expanded them in vitro in 1998, various lineage specific cell types 
have been successfully generated from human ESCs (Murry and Keller, 2008). Some 
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groups established human ESCs differentiation protocols by mimicking the human 
development process step-by-step. Other groups tried to accelerate the process by 
directly pushing human ESCs into terminally differentiated cell states (Xu et al., 
2008). 
1.3.1 Human endoderm and endoderm derived cell lineages 
Endoderm is one of the three primary germ cell layers in the very early embryo. In 
humans, cells within the endoderm are able to further differentiate into 
gastrointestinal tract (e.g. intestine, colon, liver and pancreas et al.), respiratory tract 
(e.g. trachea, bronchi and lung et al.) and endocrine glands (e.g. thyroid gland and 
thymus) after five weeks of embryo development (Kunath et al., 2005; Kumar et al., 
2003; Morrison et al., 2008). Because of the multipotency of endoderm, numerous 
studies have been carried out in Danio renio, Xenopus (Agius et al., 2000) and Mus 
musculus (Arnold et al., 2008; Coucouvanis et al., 1999; Kanai et al., 2002; Plusa et 
al., 2008; Kunath et al., 2005) to study the endoderm development. However, human 
endoderm samples are inaccessible due to ethical reasons. Therefore, human 
embryonic stem cells have been regarded as an alternative source to obtain human 
endoderm-like cells and human endoderm derived progenies.  
A few groups of researchers have differentiated hESC into definitive endoderm. Some 
have introduced stepwise methods by adding various growth factors at different time 
points to mimic the in vivo endoderm development (Tahamtani, 2013; Teo, 2012). 
Others have used small molecular chemicals to inhibit or activate certain signaling 
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pathway to prevent hESCs from differentiating into other lineages (Xu, 2011; Bone, 
2011). In addition, the extracellular matrix has also been optimized by some groups 
(Brafman, 2013; Zoldan, 2011). However, the overall efficiency of these protocols is 
no higher than 50%, of which the differentiated cells were usually a mixture of 
endodermal, mesodermal and ectodermal cell types. This heterogeneous population 
will affect downstream molecular studies such as transcriptome profile, ChIP-seq 
analysis. Therefore, it is critical to obtain a relatively pure population of definitive 
endoderm-like cells. However, most of the existing methods used to purify the 
endoderm cells contain certain disadvantages, which will be described in the Chapter 
I 1.4 section, and thus little is known about the endoderm cell identity such as the 
existence of subpopulation, the mechanism of self-renewal and differentiation.   
1.3.2 Human ectoderm and ectoderm derived cell lineages 
Ectoderm forms shortly after the human egg is fertilized and rapid cell division starts 
(O’Rahilly et al., 1994; Pispa and Thesleff, 2003; Chambers et al., 2009). In human, 
the ectoderm is composed of three parts: external ectoderm, neural crest and the 
neural tube and these three parts later will develop into epidermis skin cells, neurons 
of brain, pigment cells, dentin of teeth and eyes. To obtain the ectoderm lineage cells 
and establish the in vitro neuron disease model, numerous protocols have been 
developed to differentiate human ESCs into neurons, glial cells and astrocytes. The 
activation of BMP4 will induce ectodermal cells to differentiate into epidermis while 
inactivation of BMP4 and TGF-Beta signalling and addition of noggin and chordin 
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molecules will enhance the neural differentiation from human ESCs (Duester, 2008; 
Nadarajah et al., 2001). However, the overall differentiation process will usually takes 
more than one month. To increase the differentiation efficiency and reduce the time 
cost, there is need to optimize the chemical compounds, growth factors and culture 
matrix used in the current protocols.   
1.3.3 Human mesoderm and mesoderm derived cell lineages 
The formation of mesoderm is initiated at the gastrulation stage in the third week of 
embryonic development and it is composed of three key components: the paraxial 
mesoderm, the intermediate mesoderm and the lateral plate mesoderm (Hubaud and 
Pourquie, 2014; Pu et al., 2015; Francou et al., 2013). The paraxial mesoderm forms 
the somites and the somites will later give rise to the skeletal muscle tissue, cartilage, 
bone and subcutaneous tissue of the skin (Paige et al., 2015; Chalamalasetty et al., 
2014). The intermediate mesoderm is localized in between the paraxial mesoderm and 
the lateral plate and will finally formed the kidneys, gonads and adrenal glands. The 
lateral plate mesoderm will develop into heart, blood vessels and blood cells (Liu et 
al., 2014; Jin et al., 2013; Rydeen et al., 2014). Canonical Wnt signalling is required 
for mesoderm formation but the precise mechanism is least clear (Auehla and 
Pourquie, 2010). Also, we have less understanding of other regulators that control the 
human mesoderm development (Mendjan et al., 2014; Engels et al., 2014). To 
uncover the unknown knowledge, people have designed many protocols to 
differentiate human ESC into cardiomyocytes, skeletal muscles, smooth muscles and 
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blood cells by modulating the WNT pathway activity and retinoid acid pathway 
activity. However, the differentiation efficiency is still unsatisfactory and the 
differentiation methods are mostly time-consuming. 
1.4 Identification and isolation of specific cell lineages 
Current differentiation protocols available for all three lineages are largely 
unsatisfactory for clinical purposes, which require pure populations of specific cell 
types. Hence, development of techniques for the identification and isolation of 
specific cell types is necessary for applications of hESCs. This chapter presents a 
summary of previous studies on identifying and isolating specific lineage cell types 
for organism development study. In addition to the review on the physical approach 
and cell surface marker approach, different reporter systems that are developed to 
represent endogenous gene expression are also discussed here. The advantages and 
drawbacks of different techniques will be evaluated and thus to highlight the rationale 
for the system we chose in the present study 
1.4.1 Cellular morphology and physical identity 
Identification and separation of cells using physical properties such as size, shape etc. 
has already been applied to isolate spermatogenic cells from the prepuberal mouse 
(Bellye et al., 1977). This method can be further divided into two aspects: 
morphological identification and cell gravity separation. After that, numerous groups 
have tried this method to isolate various cell types, especially those cells with unique 
morphology such as spindle-shaped smooth muscle cells (Wang et al., 2002) and 
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columnar-liked intestinal epithelial cells or those cells with certain mass like cardiac 
muscle cells. In 2013, Cheng et al. extended this method to endodermal cells. They 
isolated certain endoderm progenies from in vitro differentiated human embryonic 
stem cells based on the morphology like dome-shaped, compact cell colony and 
transparent appearance (Cheng et al., 2012). However, there are two major drawbacks 
of this method. First, the cell morphology is easy to change due to the variation in the 
extracellular environment and different lineage cells sometimes may have similar 
morphology. For example, the same human embryonic stem cells will show more 
extended and more flattened morphology when they are cultured in mTeSR medium 
compared with the dome shaped morphology when they are cultured in condition 
medium. In addition, some cell types like hepatoblast and neural progenitor cells 
show similar morphologies although these cells are originated from different germ 
layers. Second, the gravity separation is more suitable for the cells in vivo rather than 
cells cultured in vitro. The reason is that cells tend to be flattened when they are 
cultured in a two dimensional environment and their masses are inclined to be less 
discrepant. In addition, the gravity difference is more obvious in terminally 
differentiated cells instead of cells in early development. Therefore, for our purpose to 
isolate progenies, this method is not applicable.  
In summary, the physical method is not easier to carry out and a high heterogeneity of 
the isolated cells may be the result when this method is adopted for in vitro cultured 
cells. Therefore, a more reliable method is needed, which is based on more stable cell 
surface or intracellular characteristics.         
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1.4.2 Cell surface marker 
Cell surface markers are proteins expressed on the cell membranes that usually serve 
as markers of specific cell lineages. Cell surface marker is also a kind of approach to 
isolate progenies. In 2003, Molyneaux et al. identified CXCR4 as a surface marker for 
zebrafish endoderm (Molyneux et al., 2003). After that, Alonso et al. also discovered 
CXCR4 marks endoderm in Xenopus development (Alonso et al., 2009). In 2005, 
D’Amour et al. and Yasunaga et al. further extended the application of CXCR4 as an 
endoderm cell surface marker for both human and mouse (Yasunaga et al., 2005; 
D’Amour et al., 2005). However, a contradictory report showed that CXCR4 can also 
be used to isolate mesoderm cells (Nelson et al., 2008). The reliability of CXCR4 as 
an endoderm surface marker is thus questionable. 
In 2010, a novel marker DAF1/CD55 was identified and Shiraki et al. claimed that 
this marker was more reliable than CXCR4 for endoderm lineage (Shiraki et al., 
2010). However, according to the paper, DAF1/CD55 is not only expressed at 
endoderm stage but also in endoderm derived differentiated cells. The expression time 
range is too broad, which decreases the specificity of the gene as a marker for 
endoderm.  
The advantage of cell surface marker is that we can isolate certain cells without doing 
any cell genome modification. Also, the fixation and cell permeabilization is not 
needed for cell sorting with cell surface marker. However, until now, cell surface 
markers are mostly characterized in well studied systems like the blood system but 
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very rare in endodermal and ectodermal lineages (Chitteti et al., 2014; Reifart et al., 
2015; Fernandez et al., 2013; Kays et al., 2015; Schutz et al., 2014; Cian et al., 2014; 
An et al., 2013). The limited number of cell surface marker hampered its usage in 
isolating progeny cells. 
1.4.3 Intracytoplasmic proteins and transcription factors 
Transcriptional factors (TFs) are proteins that bind to specific DNA sequence, thereby 
controlling the transcription of the nearby genes. Many transcriptional factors are 
involved in development and some of them only express in certain lineage cell types. 
Therefore, these TFs can be regarded as the intracellular marker of that cell type. 
Different from the cell surface marker, which can be directly applied to MACS 
(Magnetic-activated cell sorting) or FACS (Fluorescence-activated cell sorting) for 
cell isolation (Zhang et al., 2015; Leung et al., 2015), intracellular TFs usually need to 
be linked with certain fluorescence proteins that can emit the signal to the outside and 
thus be detected by FACS (Fluorescence-activated cell sorting) machine.  
1.5 Strategies to establish reporter cell lines 
1.5.1 Plasmid reporters 
Reporter cell line is a technique utilizing a visible or detectable matter to mark a 
certain cell’s identity or status. Fluorescence proteins are usually adopted in the 
establishment of the reporter lines. There are several reported methods to link the TFs 
with fluorescence proteins. The first is plasmid reporter system (Shimizu et al., 2012). 
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Our lab previously used a 3 kb OCT4 promoter sequence to replace the CMV 
promoter to drive the downstream GFP expression in the pEGFP-N1 plasmid (Chia et 
al., 2010). This reporter cell line gave us great help to carry out siRNA screening. 
However, this reporter system contains a limited promoter sequence, which may not 
fully represent a gene’s transcription regulation, and this system may introduce 
multiple random integration sites, which may destroy some important genes or 
influence some cancer-related genes.  
Therefore, we sought to find a better reporter system that could contain more 
completed transcriptional regulation elements and have higher cell targeting 
efficiency and more secure genome integration. A high fidelity reporter system can 
ensure to get a relatively homogenous endoderm progenies and will be easier to serve 
as a stable readout for high content screen.  
1.5.2 Genome editing 
The second method is ATG knock-in strategy, which was also reported to generate 
NANOG-GFP reporter (Fischer et al., 2010) and SOX17-GFP reporter (Wang et al., 
2011) cell lines respectively. This strategy adopts the endogenous promoter to drive 
the GFP and thus can better reflect the cell transcriptional level but one-copy loss of 
the endogenous gene may influence the fidelity of those reporter systems. The third 
method is 3’UTR knock-in strategy. This strategy overcomes the influence of 
transcriptional starting sites but it is still under debate that whether 3’UTR 
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interference may also affect the transcriptional process and mRNA stability (Kimura 
et al., 2013; Yang et al., 2013; Liu et al., 2014; Shu et al., 2015). 
1.5.3 BAC and transposon 
Transposon-BAC reporter system (Suster et al., 2009; Rostovskaya et al., 2012; 
Khana et al., 2013) can meet these requirements because the large capacity of a BAC 
(Bacterial Artificial Chromosome, 100Kb~300Kb size) indicates that it may contain 
the nearly complete transcriptional regulation elements of a gene. However, 
considering some gene’s enhancers are located more than several hundreds of Kb 
away from that gene, the length of a BAC may be still not long enough to recapitulate 
that gene’s expression pattern. Nevertheless, this technique is one of the progress in 
this field.  
The addition of the transposon element in the BAC backbone will help randomly 
integrate the large BAC DNA into the genome. Our later FISH results prove that this 
integration only introduce one copy of the BAC into the genome instead of inserting 
multiple copies. Although it seems to be possible that the homologous recombination 
may happen between BAC and endogenous gene locus, our later FISH results do not 
support this possibility. One explanation is that we do not linearize the BAC before 





Reporter cassette:       
 
Transposon cassette:   
Figure 1.2 Detailed components of mini Tol2 cassette and reporter cassette. The 
reporter cassette is composed of a beta globin intron, GFP, FRT, PSV40 promoter, 
neomycin, and FRT. The transposon cassette is composed of 200 bp inverted Tol2 left 
ITR, Ampicillin resistant gene with promoter and 150 bp inverted Tol2 right ITR. 
Generating a transposon reporter BAC needs a two-round BAC modification process 
as described in Kawakami’s lab protocol (Suster et al., 2011). Two cassettes will be 
subsequently inserted into the BAC (Figure 1.2). The reporter cassette contains an 
intron to facilitate splicing, a GFP gene and a constitutively expressed kanamycin 
resistant gene controlled by PSV40 promoter. The kanamycin resistant gene allows us 
to select the recombined bacterial with kanamycin and to select the reporter ES cells 
with neomycin. The kanamycin resistant gene is flanked by two FRT. We got this 
construct as a gift from Dr. Semb Kim. In our study, it is not necessary to delete the 
kanamycin construct after insertion of the cassette into the genome. The mini 
transposon element was composed of two Tol2 transposon inverted sequence and a 
constitutively expressed ampicillin resistant gene. We got this cassette from Dr. 
Kawakami (Suster et al., 2011). Meanwhile, we also got a Tol2 transposase 
expression plasmid from Dr. Kawakami, which is needed to activate the function of 
the transposon cassette.  







      
INTRON 
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The mini transposon cassette was firstly inserted in a specific loxp site on the 
backbone of the BAC to help the integration of the BAC into the genome. Then, the 
reporter cassette was inserted into the ATG site of the target gene on the BAC (Figure 
1.3). The RED/ET recombination method (Reddy et al., 2015; Holmes et al., 2015; 
Thomason et al., 2014; Wang et al., 2014; Chen et al., 2015; Zhao et al., 2014) is 
adopted here according to the Genebridge’s company protocol to insert the cassettes 
into the BAC DNA, which requires linear DNA flanked by terminal homology arms 
of only 50 bp. Thus, DNA homology arms for any given locus can be easily designed 
on the PCR primers. 
 
Figure 1.3 Schematic representation of the Tol2-reporter BAC modification 
process. One transposon reporter BAC needs two rounds of BAC modification. In the 
first round, the transposon cassette will be inserted in the loxp site of the BAC 
backbone by RED/ET recombineering technique. Then the correctly targeted bacteria 
will be selected by ampicillin. In the second round, the reporter cassette will be 
inserted in the ATG site of the target gene on the BAC. The correctly targeted bacteria 
will be selected by ampicillin and kanamycin. (Bussmann et al., 2011)  
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Until now, there are few reports about generating transposon-BAC reporter cell line in 
mammalian cells (Suster et al., 2009; Rostovskaya et al., 2012; Khana et al., 2013). 
Hence, in this study, a pilot assay was firstly conducted with making the 
transposon-BAC reporter of the gene OCT4, a highly expressed gene in hESC, to test 
the fidelity of transposon-BAC reporter. 
1.6 Application of reporter cell lines 
Based on the detectable fluorescence signal, reporter cell line helps to monitor the 
hESC state and also to monitor, purify and analyse the hESC-derived intermediate or 
terminally differentiated cells.  
When we use reporter to mark pluripotency state of hESC, it is easier to conduct 
genome wide siRNA screen, microRNA screen, chemical screen and ORF library 
screen based on the reporter signal to figure out the factors that maintain ESCs 
pluripotency or help exit ESCs self-renewal state (Chia et al., 2010; Outten et al., 
2011). Moreover, the reporter lines of pluripotency markers can also be used to study 
the heterogeneity of the hESC (Fischer et al., 2010). 
When we use reporter to mark intermediate cells, it is convenient to monitor the 
kinetics of the entire differentiation process and to isolate the desired cell progenitors 
for characterization and culture (Zhu et al., 2015; Zou et al., 2015; Den-Hartogh et al., 
2015; Soh et al., 2014; Cai et al., 2014; Brafman et al., 2013; Jiang et al., 2013; 
Germain et al., 2013; Gantz et al., 2012; Micallef et al., 2012; Ritner et al., 2011). 
Also, it will help to optimize the existing induction protocol and thereby lay the 
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foundation for accurate control of the stepwise differentiation process (Kmet et al., 
2013). In addition, the current understanding of the hESC differentiation mechanism 
was partially transplanted from the knowledge in nonhuman model study, especially 
mice. Due to the difficulties in getting access to human embryonic and fetal tissues, 
reporter lines provide appropriate tools to allow the isolation of intermediate cells 
derived in vitro at each developmental stage for detailed genomic and epigenomic 
evaluation (Krentz et al., 2014;). 
When we use reporter to mark terminally differentiated cells, it raises the possibility 
to screen culture condition that can support the mature or relatively mature cells in 
vitro and to screen the factors that stimulate the proliferation of the mature cells in 
vitro. 
1.7 Leucine-rich repeat-containing, G protein-couple receptor genes family 
To further demonstrate the utility of our established reporter cell lines, we sort out 
progenitors after differentiating reporter lines into various lineages and analyse the 
expression level of some genes of interest. We discover that the LGR6 gene, which is 
reported before as an adult stem cell marker of the hair follicle, also has function in 
human mesoderm development. The following is the introduction of LGR genes 
family and current research progress.  
1.7.1 Characterization of LGR genes family 
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Leucine-rich repeat-containing, G protein-coupled receptors (LGR) are membrane 
proteins with evolutionarily conserved seven-transmembrane domains and 
leucine-rich repeat protein interaction domains. The ectodomain is responsible for 
ligand binding and mediate downstream intracellular signalling pathways (Kajava, 
1998; Van Hiel et al., 2012). The LGR family genes can be divided into three main 
groups based on their structure and components of functional domains (Figure 1.4). 
Type A LGR receptors contains luteinizing hormone receptor and thyroid-stimulating 
hormone receptor in the ectodomains such as LGR1 and LGR3. Type C LGR 
receptors are distinguishable by their LDLa motifs and the representative member is 
LGR7 and LGR8 (Hsu et al., 2000; Kumagai et al., 2002; Vassart et al., 2004). The 
mechanism of the signalling pathway transduction by Type A and Type C receptors 
are similar. Both of them are dependent on the activation of the heterotrimeric 
G-proteins. 
 
Figure 1.4 Structure and clustering of LGR protein families. Leucine-rich 
repeat-containing G-protein-coupled receptor (LGR) proteins are predicted to contain 
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large extracellular domains with leucine-rich-repeats (LRRs) and mediate ligand 
binding and short cytoplasmic domains, which bind intracellular accessory molecules. 
Evolutionary tree among group A, B and C LGR proteins shows the close relationship 
among LGR4, LGR5 and LGR6. (Cited from Nick Barker, Shawna Tan and Hans 
Clevers, 2013) 
 
The type B receptor family contains 16-18 Leucine rich receptor domains in the 
ectodomain (Hsu et al., 1998; McDonald et al., 1998; Luo and Hsueh, 2006; Luo et al., 
2005; Mendive et al., 2005). However, the in vivo function of this family members 
LGR4,5,6 was unknown for more than a decade since the endogenous ligands or the 
related signalling pathway were failed to be identified. In 2012, a series of 
publications reported that WNT agonists RSPO family proteins were endogenous 
ligands of LGR4, LGR5 and LGR6 (Carmon et al., 2011; Carmon et al., 2012; de Lau 
et al., 2011; Glinka et al., 2011; Ruffner et al., 2012). And this WNT signalling 
activation is independent of GPCR pathway, which makes the type B LGR receptors 
unique in the LGR family (de Lau et al., 2011).      
In the past ten years, in vivo lineage tracing in mice has defined the G protein-coupled 
receptor LGR5 as a novel marker of multiple adult stem cell population in several 
actively regenerating tissues such as skin, colon, stomach, mammary gland, tongue 
and kidney (Barker et al., 2007; Barker et al., 2010; Barker et al., 2012; de Visser et 
al., 2012; Jaks et al., 2008; Plaks et al., 2013; Yee et al., 2013) and this stem cell 
population can also be activated upon damage in those normally low proliferating 
duct tissues within organs such as liver (Huch et al., 2013). LGR6 is also discovered 
as an adult stem cell marker in hair follicle (Nath et al., 2011; Snnippert et al., 2010; 
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Liao et al., 2014; Lough et al., 2014). Adult stem cells are able to self-renew 
indefinitely and differentiate into all the cell types of the organ where they are located. 
Hence they have the ability to replenish dying cells and regenerate damaged tissues 
within the vital organs in human body. Therefore, the identification of LGR5 and 
LGR6 as adult stem cell markers makes these two genes extremely popular in stem 
cell research study field. In recent years, the potential novel function of LGR5 gene 
has been discovered in early endoderm development (Stringer et al., 2012; Cao et al., 
2011; Iwao et al., 2014; McCracken et al., 2014). However, most of the study on the 
gene LGR6 gene is still focused on adult tissues and few research groups paid 
attention to its role in early growth of the embryo (Zhang et al., 2015; Ren et al.,2014; 
Steffen et al., 2012; Deguci et al., 2012; Gong et al., 2012; Lough et al., 2013; Hirose 
et al., 2011; Leushake et al., 2012). Thus, this raises the interest to explore the 
potential role of LGR6 in embryonic development. 
1.7.2 Wnt signalling pathway and mesoderm development 
Wnt proteins are a family of highly conserved secreted signalling molecules that bind 
to the receptors of the Frizzled and LRP families on the cell surface and regulate 
cell-cell interactions during development and adult tissue homeostasis (Rao et al., 
2010; Schulte et al., 2007; Sylvie et al., 2011; Tian et al., 2010). There are three 
characterized Wnt signalling pathway: the canonical Wnt pathway, the noncanonical 
cell polarity pathway and the noncanonical Wnt/Calcium pathway. All three Wnt 
signalling pathways are induced by the binding of a Wnt-protein ligand to a Frizzled 
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family receptor and then pass the exogenous signal to the protein Dishevelled inside 
the cell. Through several cytoplasmic relay factors, the signals is then transduced to 
beta-catenin, which translocate from cytoplasm into nucleus and forms a complex 
with Tcf/Lef1 to activate the downstream Wnt target genes (Gordon et al., 2006; 
MacDonald et al., 2009; Thrasivoulou et al., 2013). The difference among three kinds 
of Wnt pathways is that the canonical Wnt tends to regulate the gene transcription 
while noncanonical planar cell polarity pathway and noncanonical Wnt/Calcium 
pathway are responsible for the shape of the cell and the calcium level inside the cell. 
Wnt signalling was first identified for its function in carcinogenesis (Howe et al., 
2004; Taketo et al., 2011; Anastas et al., 2012; DiMeo et al., 2009) and was later 
recognized for its role in the embryonic development (Lindsley et al., 2006).  
Wnt family proteins are responsible for cell fate specification. In the early embryonic 
development, the formation of the body axes is a critical step in the establishing the 
whole body size of a specific organism. In mammals, the primitive streak produces 
Wnt proteins to shape the posterior region during late gastrula (Arnold et al., 2000; 
Aubert et al., 2002). The higher Wnts concentration area forms the posterior region 
and the lower Wnts concentration area develops into anterior region. Mice deficient in 
the canonical ligand Wnt3, Wnt receptor Lrp5/6 or Beta-catenin all presents the 
failure of the development of primitive streak and mesoderm (Huelsken et al., 2000; 
Kelly et al., 2004; Liu et al., 1999). In vitro experiment also has shown that WNT 
signalling can induce the differentiation of pluripotent stem cells into mesoderm and 
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endoderm progenitor cells and these progenitors can further differentiate into specific 
cell types such as blood cells, cardiac, skeletal muscle, and smooth muscle lineages 
(Keller, 2005).  
In mesoderm lineage, heart development requires very tight regulation of the Wnt 
signalling pathway. Vertebrate heart development begins with myocardial precursor 
cell specification within the mesodermal germ layer of the early embryo. A few Wnt 
ligands and Frizzled receptors are reported to express in a tight regulated manner 
throughout the heart development process. Human WNT11 is detected in the 
heart-forming fields, primary heart tube and adult heart during the development 
(Kispert et al., 1996; Eisenberg et al., 1997; Eisenberg et al., 2002; Garriock et al., 
2005; Kirikoshi et al., 2001). Distribution of WNT2 overlaps with WNT11 but WNT2 
is more restricted to the pericardium (Monkley et al., 1996). WNT3A, WNT5A, 
WNT5B and WNT8C are detected within or lateral to the primitive streak (Jaspard et 
al., 2000; Hume et al., 1993; Takada et al., 1994; Liu et al., 1999; Dealy et al., 1993). 
In addition to the WNT ligands, WNT pathway candidates such as different WNT 
receptors of the Frizzled family are also detected in the mesoderm of the first and 
second heart fields such as Fz-1,-2,-7,-8,-9. The role of the above ligands and 
receptors mentioned reflect the influence of the WNT pathway in cardiogenesis 
(Sagara et al., 1998; Saitoh et al., 2001; van Gijn et al., 2001; DeRossi et al., 2000; 
Wang et al., 1999; Wheeler et al., 1999; Deardorff et al., 1998; Moriwaki et al., 2000). 
Recent studies show that canonical WNT pathway experience self-inactivation in the 
early cardiac development and simultaneously non-canonical WNT pathway 
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contributes to the inhibition of the Beta-catenin signalling (Martha et al., 2001). 
Meanwhile, the non-canonical WNT pathway is also involved in the cardiac 
morphogenesis by modulating cell-cell adhesion and cell polarity (Koyanagi et al., 
2005; Schulze et al., 2005; Belema et al., 2005; Badorff et al., 2003; Kovanagi et al., 
2005). Besides the role in myocardial specification and cardiac morphogenesis in the 
early embryonic heart, WNT signalling is also involved in the cardiac valve formation 
and pathological hypertrophy in adult heart (Phillips et al., 2005; Hurlstone et al., 
2003; Person et al., 2005).  
Since LGR6 is reported as a WNT signalling receptor and WNT pathway plays a key 
role in embryonic heart development, it raises the possibility that LGR6 may also 
contribute to the human embryonic heart development. Human ESC, cardiac 
differentiation protocol and convenient CRISPR-Cas9 gene targeting technique 
provides the feasibility to explore this hypothesis.  
1.8 Objectives and significance 
Human embryonic stem cells (hESCs) can provide insights into the development of 
inaccessible human tissues such as embryonic endoderm, mesoderm, ectoderm and 
further differentiated progenies. However, a lack of efficient methods for isolating 
pure populations of these cells has hindered the progression in this area. Therefore, 
this thesis set out to: 
1. Establish a reporter system that is applicable to mark the pluripotency genes in 
human ESC 
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2. Expand the usage of this reporter system to the identification of differentiated 
progenitors derived from three germ layers 
3. Utilize the reporter system to isolate terminally differentiated cells and use this 
system to look at stabilizing culture condition in vitro 
4. Apply the reporter system to uncover the potential novel function of certain 
genes in the human development 
In this thesis, we show that the transposon BAC system can be applied to the 
construction of reporter lines in hESC. Also, this reporter system is feasible for us to 
isolate differentiated progenitors and terminally differentiated cells. In addition, by 
exploring the LGR family genes expression in multiple lineages’ progenitors isolated 
by reporter system, we discovered the potential novel function of LGR6 gene. Based 
on CRISPR-Cas9 gene editing technique and gene expression profiling, we 
understand the LGR6 role in mesoderm development. ChIP analysis further uncovers 
the mechanism of the regulation of LGR6.  
In the light of these explorations, we expect to expand the reporter system to more 
human lineage cells and gain more hints on the factors for development guidance of 
these cells. Overall, the relevant studies on mechanisms of these cells development 
could provide more insights into our current understanding on pluripotency 





















CHAPTER 2: MATERIALS AND METHODS 
2.1 Cell culture 
The human ES cell line H1 (WA-01, passage 26) was used in this study. The hESCs 
were cultured feeder-free in conditioned medium on Matrigel (BD). Conditioned 
medium contained DMEM F-12 supplemented with 20% Knock-out serum 
replacement (Gibco), 1 mM L-glutamine (Gibco), 1% non-essential amino acids 
(Gibco) and 0.1 mM 2-mercaptoethanol (Gibco) and additional 8 ng/ml human basic 
fibroblast growth factor (bFGF) (Biosource, Invitrogen) was added in the medium 
before use. The human ES cells were passaged every five to seven days with 1 mg/ml 
collagenase IV (Gibco). MRC5 (Human fetal lung fibroblast) cells were cultured in 
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 15% fetal bovin 
serum (Gibco) 1 mM L-glutamine (Gibco), and 2 µg/ml gentamicin (Gibco).  
2.2 Plasmid construction 
The Cas9-GFP expression plasmid and empty spacer-RFP plasmid were provided by 
Dr. Tan Meng How’s group. To insert new guide RNA into the spacer plasmid, BsiI 
restriction enzyme was used to linearize the spacer backbone and complimentary 
spacer primers annealed with NEB buffer were inserted into the backbone via Gibson 
assembly kit (NEB). 
The GFP reporter plasmid contained beta-globin intron, GFP elements and neomycin 
resistant gene together with constitute PSV40 promoter. The original reporter 
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plasmid was a gift from Dr. Semb and was then modified by subcloning with an 
empty vector backbone PBR322. The Tol2 transposase expression plasmids and 
Tol2-Ampicillin small cassette plasmids were gifts from Dr. Kawakami.   
2.3 Adaptor inverse PCR 
Adaptor inverse PCR is used to determine the insertion site of the transposon BAC in 
the genome. To make the adaptor, the reagent mix is composed of 50 ul of 100 uM 
ASS(GATC) or ASS(CTAG) (Table 2.1), 2 ul of T4 polynucleotide kinase, 10 ul of 
10X buffer, 10 ul of 10 mM ATP and 28 ul of sterile H2O. The mix is then incubated 
at 37°C for 1 h and at 75°C for 5 min with addition of 50 ul of 100 uM ALS. And the 
mix is further incubated at 94°C for 1 min, 60°C for 10 min, precipitated with 99.7% 
(vol/vol) ethanol and resuspended in a final volume of 50 ul of 10 mM Tris-Cl, pH 
8.5.  
The reporter genomic DNA is isolated and digested with GATC or CTAG restriction 
enzymes (e.g., MboI) to create Tol2 genomic left (L) and right (R) fragments. After 
ligation of GATC or CTAG oligo ‘adapters’ with T4 ligase (Takara), the Tol2 
genomic junctions are amplified in two steps (first and second PCR) with nested 
primers Ap1 and Ap2. The final products can be sequenced directly with 
Tol2-specific primers. The following is the sequence for ASS adaptor primers and AP 





Table 2.1 List of adaptor primers used in the inverse PCR 
Primer name Sequence (5’ – 3’) 
ASS (GATC) GATCACCTGCCCCCGCTT 




2.3 Reporter BAC construction and maxiprep 
Homologous recombineering technique was adopted in the BAC modification. In 
brief, 10 ng RED/ET plasmid, which could express recombinase E and recombinase T 
under the control of L-arabinose, was transformed into the bacterial that contained the 
target BAC plasmids. Meanwhile, PCR product of the linearized GFP reporter 
cassette was prepared and two 50 bp length homology arms had been introduced into 
the reporter cassette by primers. Electroporation was then conducted to transfer 2ug 
linearized GFP cassette into bacterial and 50 ul 10% L-arabinose was subsequently 
added to induce the recombinase expression of RED/ET plasmids. Homologous 
recombineering happened between BAC and linearized GFP reporter cassette and 
targeted clones could be selected by the kanamycin since the inserted GFP cassette 
contained kanamycin resistant genes. PCR verification was performed to further 
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validate the drug selected colonies. The introduction of the Tol2 cassette into the loxp 
site of the GFP-BAC was conducted in the same way. 
Common commercial maxiprep kit is not ideal for isolation low-copy BAC from the 
bacterial. Solution I,II, III (Omega Bio-tech) from the E.Z.N.A kit could be used for 
bacterial lysis and protein elimination. Then isopropanol and ethanol was used to 
precipitate the BAC DNA. Phenol/chloroform was used to further eliminate the 
protein and RNA. LiCl and isopropanol could then facilitate the aggregation of the 
BAC DNA, which formed a white solid DNA ball in the eppendorf tube. 500 ul water 
was used to dissolve the ball-like BAC DNA. 
2.4 Cell transfection, electroporation and drug selection 
For Cas9 plasmids transfection, one million human ES cells were dissociated with 
TrypLE (Life Tech) into one well of six-well plate (Falcon). Then, the cells were 
transfected with 3 ug Cas9-GFP expression plasmids and 1.5 ug guide RNA 
spacer-RFP plasmids the following day by 10 ul Mirus LT1 transfection reagents. 
After 48 hours transfection, GFP+RFP+ cells will be sorted out by Beckman FACS 
machine and 20k cells will be seeded on one matrigel coated 10cm dish. For reporter 
BAC cell electroporation, 10 million Rock inhibitor pretreated human ES cells were 
dissociated with TrypLE and were then washed with 4 °C PBS twice. After that, cells 
were re-suspended in 1ml PBS that contained 100 ug reporter BAC and 30 ug Tol2 
transposase plasmids and the cell mixture was transferred into 0.4cm electroporation 
cuvette (Bio-rad). The electroporation was conducted by Gene Pulser (Bio-rad) under 
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320 V and 200 uF electric parameters and all the cells were seeded on one 10 cm 
matrigel coated dish. 50 ng/ml neomycin drug selection was started two days after 
electroporation and last 1-2 weeks until the drug-resistant colonies appeared.    
2.5 Reverse transcription and quantitate real-time PCR 
Total RNA was extracted from cells using the TRIzol reagent (Invitrogen). DNA 
contamination was then treated with DNase (Promega) for 0.5-1 hr. After inactivation 
of DNase at 72 °C for 10 minutes, RNA concentration was checked by NanoDrop 
2000 (ThermoScientific). Oligo(dT) was added in the reaction mix and 2 ug total 
RNA was reverse transcribed with SuperScript II (Invitrogen). qPCR was conducted 
with 2 µl 5x diluted cDNA per 10 µl reaction and KAPA SYBR Green (Kapa  
Biosystems). Quantitative PCR analysis was performed in real time using the PRISM 
7900HT system (Applied Biosystem). The quantitative PCR condition was at 95 ºC 
for 10 s followed by 40 cycles at 95 ºC for 10 s, 60 ºC for 30 s and 72 ºC for 30 s. 
Gene expression levels were then normalized to that of beta-actin levels and reflected 
as a LOG2 fold change compared to control. 
2.6 Microarray 
For microarray, RNA was extracted from wild type H1 sample, LRRK2 KO sample 
and LGR6 KO sample by TRIzol and was treated with Dnase for 1 hr. RNA was then 
purified by PureLink RNA mini kit (Invitrogen). RNA concentration was validated by 
NanoDrop 2000 (ThermoScientific) and 500 ng RNA was used for cRNA synthesis 
with TotalPrep RNA Amplification Kit (Illumina). The cRNA product was then used 
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for hybridization to each lane of HumanHT-12 v4 Expression BeadChip. The arrays 
were performed according to the manufacturer’s instructions. For each cell sample, 
biological triplicate microarray data were generated. GenomeStudio and Rank 
Invariant method were used to extract and normalize the data. Raw data was filtered 
for genes with detection p value <0.05. Significant Analysis of Microarrays was used 
for extracting genes with significant expression change. To make hierarchical 
clustering and to identify the enriched “Gene Ontology” (GO) terms in the 
differentially expressed genes, the Genespring software was applied. The p value 
cut-off of 0.05 was set for significant enriched GO terms.   
2.7 Chromatin immunoprecipitation (ChIP) 
LGR6 KO ESCs sample and wild type human ESCs sample were cross-linked with 1% 
formaldehyde and cells were shaken at 100 rpm for 10 min at room temperature and 
then quenched by 0.2 M glycine. After washing twice with 4 ºC PBS, the cells were 
harvested by cell scrapper and centrifuged at 3000 rpm for 15 min at 4 ºC. The cell 
pellets were further washed in cold PBS and lysed with SDS cell lysis buffer (10 mM 
Tris-HCl, pH 8.0, 10 mM EDTA, 0.1 M NaCl, 0.25% Triton X-100) containing 
protease inhibitor cocktail (Roche). The cell nuclei were then extracted by nuclear 
lysis buffer (50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton 
X-100, 0.1% sodium deoxycholate, 1% SDS) with protease inhibitor cocktail. The 
chromatin was then pelleted by spinning down at 20,000 rpm for 30 min at 4oC. ChIP 
buffer was used to wash chromatin pellet (50 mM HEPES-KOH, pH 7.5, 150 mM 
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NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS) which 
also contain protease inhibitor cocktail. Prior to sonication, 1 ml of 0.5 mm glass 
beads were added to the chromatin extract, which was re-suspended in 4 ml of ChIP 
buffer. Sonication was carried out at 20% amplitude with pulses of 30 sec on and 1 
min off for about 18 cycles, on the Vibra-Cell VCX750 (Sonics). The sonicated 
chromatin was de-crosslnked (100 μl chromatin extract, 90 μl TE buffer [10 mM 
Tris-HCl, pH 8.0, 1 mM EDTA], 30 μl pronase, 200 μl ChIP elution buffer [50 mM 
Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS]) at 42 °C for 2 h followed by 67°C for 6 h 
and size of the de-crosslinking product was determined by agarose gel electrophoresis. 
If the average size was about 150 to 300 base pairs, the chromatin was continued with 
immunoprecipitation. The excess sonicated chromatin can be stored in -80 oC for 
sequencing. 
Dynabeads Protein G (Invitrogen) beads were washed with ChIP buffer twice before 
being mixed with NANOG (1:500 R&D) antibody and being incubated for 2 h at 
room temperature. The antibody coated beads were then added to 500 ul sonicated 
chromatin which was pre-cleared by incubation with beads. After overnight 
incubation, the beads were washed twice with ChIP buffer, once with ChIP buffer 
plus 0.35 M NaCl, once with TE washing buffer (10 mM Tris-HCl, pH 8.0, 250 mM 
LiCl, 1 mM EDTA, 0.5% Nonidet P-40 [NP-40], 0.5% sodium deoxycholate), and 
finally eluted with ChIP elution buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% 
SDS) while shaking at 1,000 rpm at 68 °C for 45 min. The eluent was de-crosslinked 
by pronase according to the previous method. ChIP DNA was then exacted with 
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phenol-chloroform, precipitated and dissolved in 80 ul TE buffer for real-time PCR 
analysis.  
2.8 Western blotting 
The cells were harvested, washed twice in PBS and re-suspended in 2X Laemmli 
sample loading buffer containing 4% SDS, 20% glycerol, 125 mM Tris-HCl (pH6.8) 
with protease inhibitor cocktail (Roche) by boiling at 95°C for 10 min. To extract 
membrane protein, cells were treated with Hepes buffer (20 mM Hepes-KOH pH 7.9, 
0.42 M KCl, 25% glycerol, 0.1 mM EDTA, 5 mM MgCl2, 0.2% NP40). Protein 
concentration was measured with a Bradford assay kit (Bio-Rad). 50 μg of cell lysate 
was resolved on a 10% SDS- polyacrylamide gel and transferred to a polyvinylidine  
difluoride  membrane  (Millipore). After blocking in 2% Bovine Serum Albumin 
(BSA) for 1 hr, the appropriate primary antibodies were added: anti-LGR6 (1:200 
Santa Cruz), anti- OCT4 (1:5000 Abcam) or anti-NANOG (1:800 R&D) primary 
antibodies for overnight in 4°C. After washing with PBS/0.1% Tween-20, 
horse-radish peroxidase (HRP)-conjugated anti-rabbit IgG (1:5000, Amersham), 
HRP-conjugated anti- goat IgG (1:5000, Santa Cruz) or HRP-conjugated anti-mouse 
IgG (1:5000, Amersham), secondary antibodies were added for 1 hr. Finally, western 
blot signals were detected using the West Dura Extender Duration Substrate 
(ThermoScientific). 
2.9 Immunofluorescence staining 
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Cells cultured in 6-well or 12-well dishes were fixed with 4% paraformaldehyde and 
permeabilized with 0.25% Triton X-100 (Permeabilization step should be eliminated 
for membrane protein staining), followed by blocking with 2% BSA in PBS. The cells 
were then coated with primary antibody in 2% BSA at 4°C overnight and washed 
with the PBST five times. Secondary antibodies used were Alexa Fluor 488/546 anti- 
mouse IgM, and Alexa Fluor 488/546 anti-mouse or anti-rabbit IgG (Invitrogen). 
DAPI or Hoechst (Invitrogen) was used for staining the nuclei.  
2.10 Flow cytometry 
For Cas9 plasmids transfected cells sorting, GFP+RFP+ cells were collected by 
passing the cells through Moflo FACS machine (Beckman).  
For immunostaining quantification, cells were collected by centrifugation and 
resuspended in PBS with 4% formaldehyde for 10 min at 37°C. After chilled on ice 
for 1 min, the cells were resuspended in 90% methanol. The cells were then incubated 
on ice for 30 mins for permeabilization (no need for membrane protein staining). The 
cells were washed with incubation buffer (0.5% BSA in PBS). Then, the cells were 
incubated with primary antibody and secondary antibodies. The cells were rinsed 
twice before analysed on the Aria FACS machine (BD Canto). The FACS results 
were analysed with Flow Software 2.5.0. 
2.11 ELISA and liver in vitro functional assay 
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ELISA was conducted to detect human albumin secretion level of in vitro cultured 
hepatocytes. The hepatocyte culture medium was saved after three days culture and 
was filtered using a 0.22µm PES filter. Human albumin level was detected by ELISA 
quantification kit (Bethyl Laboratories) according to the manufacturer’s protocol. The 
ELISA plate is ordered from Nunc. 
Periodic acid staining is aimed for glycogen detection in hepatocyte. Differentiated 
cells were fume-fixed by 4% paraformaldehyde in PBS and permeabilized with 0.5% 
Triton X-100 in PBS. Control cells were incubated with Diastase (1mg/ml in PBS; 
Sigma). Hepatocytes were then incubated with Periodic acid for 5 min and Schiff’s 
solution for 15 min and nuclei were stained with Hematoxylin.  
20 ug/ml 1,10-dioctadecyl-1’-3,3,3’,3’-tetramethyl-indo-carbocyanin perchlorate 
conjugated to LDL (Molecular Probes) was added in the medium for 60 mins at 37˚C 
to evaluate the LDL uptake ability.  
2.12 Embryoid body formation 
Human embryoid bodies were formed in suspension culture system. Human ESCs 
were dissociated by collagenase into 100-cell like clumps and re-suspended in bFGF 
withdrawal condition medium before being transferred to Ultra-Low Attachment 
culture plate (Corning). Medium was changed every two to three days and RNA was 
extracted from the embryoid bodies at certain days for gene expression analysis. After 
initial 4 to 6 days suspension culture, embryoid bodies were transferred into 
gelatin-coated 6-well plates. The attached EBs were cultured with EB medium 
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(DMEM containing 15% KSR, 2 mM L-Glutamine) for another 10 to 14 days. 
Immunostaining was then conducted with antibodies against three germ layers 
markers. 
2.13 Multiple cell lineage differentiation 
Various differentiation published protocols were adopted to differentiate the hESCs 
into multiple cell lineages and thus to validate the drug-selected reporter clones.  
2.131 Endoderm cell lineage differentiation 
For hepatocyte differentiation, human ESC was seeded on a 6-well plate with less 
than 30% confluence. The cells were cultured in the RPMI, 2% B27 supplement, 
100ng/ml Activin A (R&D) for 5 days and were then incubated in another 
differentiation medium which contained RPMI, 2% B27 supplement, 20 ng/ml BMP4 
(Peprotech), 10 ng/ml FGF-2 (Invitrogen) under 4%O2/5%CO2 for 5 days. Then, the 
cells were cultured in the RPMI, 2% B27 supplement and 20 ng/ml HGF (Peprotech) 
for 5 days and another 5 days in Hepatocyte Culture Media (Lonza) and 20 ng/ml 
Oncostatin-M (R&D). SOX17+ cells appeared in the initial 5 days differentiation and 
HNF4A+ cells and AFP+ cells appeared at day 10 and day 15 respectively. ALB+ 
fetal hepatocytes appeared after 20 days differentiation of the human ESC (Si-Tayeb 
et al., 2010). 
For pancreatic differentiation, human ESC was seeded on a 12-well plate with less 
than 30% confluence. The cells were cultured in RPMI, 2% fetal bovine serum with 
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100ng/ml Activin A for 3 days. Then the cells were treated with collagenase and 
passaged as clumps into a new 6-well dish coated with matrigel. The attached cells 
were cultured in DMEM-F12, 2% B27 supplement, 1% nonessential amino acids, 1% 
L-gluamin, 0.1 mM Beta-mercaptoethanol, 20 ng/ml KGF, 100 ng/ml Noggin and 2 
uM retinoid acid for 7 days until PDX1+.pancreatic progenitor cells appeared 
(D’Amour et al., 2006). 
For intestinal differentiation, human ESC was seeded on a 12-well plate with less than 
30% confluence. The cells were cultured in RPMI, 2% fetal bovine serum with 
100ng/ml Activin A for 2 days and were then cultured in DMEM-F12, 2% Fetal 
bovine serum, 500ng/ml FGF4 and 3uM CHIR99021 for another 4 days. Hindgut 
spheroid clumps floated in the medium and were collected and transferred into 50% 
matrigel for three dimensional culture. In the next two weeks, hindgut spheroid were 
cultured in a doom-shaped matrigel covered by the medium composed of DMEM-F12, 
2% B27, 1% Nonessential amino acids, 1% L-glutamin,500ng/ml R-spondin, 
100ng/ml Noggin and 100ng/ml EGF. In this 14 days, the simple cuboidal epithelium 
of the spheroid expanded and formed a highly convoluted epithelium surrounded by 
mesenchymal cells. To further purify the organoids, these highly convoluted 
epitheliums were manually collected and embedded into a new 70%~100% matrigel 
to continue organoid culture. After 28 days, these epitheliums matured into columnar 
epitheliums with villus-like structure. These organoids could also be expanded and 
further passaged, indicating that some self-renewal and multipotent cells may exist in 
this intestinal organoid (McCracken et al., 2011). 
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For thyroid/Lung progenitor differentiation, human ESC was seeded on a 6-well plate 
with less than 30% confluence. The cells were cultured in the RPMI, 2% B27 
supplement, 100ng/ml Activin A (R&D) for 5 days and were then cultured in thyroid 
induction medium composed of RPMI, 2% B27, 100 ng/ml WNT3A, 10ng/ml KGF, 
10 ng/ml FGF10, 10 ng/ml BMP4, 20 ng/ml EGF, 500 ng/ml FGF2 (all from R&D) 
and 100ng/ml heparin sodium salt (Sigma). NKX2-1+ thyroid progenitor cells appear 
after 15 days differentiation in the thyroid induction medium (Mou et al., 2012; 
Longmire et al., 2012). 
2.132 Mesoderm cell lineage differentiation 
Activation of the WNT signalling pathway by 100 ng/ml Activin A or 2 uM CHIR 
can efficiently induce human ESC differentiation into BRACHYURY+ or EOMES+ 
early mesoendoderm cells (Chan et al., 2013). Basal medium was shifted from hESC 
conition medium to RPMI (A-star). 
For cardiac differentiation, human ESC was seeded on a 12-well plate with 100% 
confluence. 12 uM CHIR99021 was added in the medium (RPMI, 2% B27 without 
insulin supplement) for 1 day and was removed in the following two days. 5 uM 
IWP2 was added in the medium and was removed two days later. Meanwhile, at day7, 
insulin was added back to the differentiation medium and beating clump can be 
observed around day12-day14. Elongated culture of young cardiomyocytes in 
RPMI-B27 can increase the percentage of CTNT+ cells (Dubois et al., 2011; Lian et 
al., 2013). 
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For the smooth muscle differentiation, around 100k human ESCs were cultivated in a 
gelatin coated plastic 12-well petri dish (Falcon). The differentiation medium is 
composed of DMEM, 15% Fetal bovine serum, 2 mM L-glutamine, 1% Nonessential 
amino acids, 10 uM Retinoid acid and 1 mM MTG (Sigma). The differentiation last 
10 days and the medium was changed every day. Addition of 10ng/ml PDGF-BB and 
2 ng/ml TGF-Beta1 could enhance the differentiation efficiency (Vo et al., 2010). 
For skeletal muscle differentiation, embryoid body formation was needed for the 
initial 3 days differentiation of human ESCs. Then the attached EB was cultured in 
the differentiation medium composed of DMEM, 20% Fetal bovine serum, 3nM 
Retinoid acid. PAX3+/PAX7+ skeletal progenitor cells appeared 10 days after 
differentiation and MYOGENIN+/MYOD+ skeletal muscle cells appeared 40 days 
differentiation (Xu et al., 2013). 
For hematopoietic stem cell differentiation, embryoid body formation was needed for 
the initial 10 days differentiation of human ESCs. The EB medium is composed of 
Knockout DMEM, 15% Fetal bovine serum, 50 ng/ml BMP4, 50 ng/ml VEGF, 50 
ng/ml FGF1 and 50 ng/ml FGF2. After 10 days EB floating culture, EB clumps were 
attached to gelatin coated plates and cultured in hematopoietic medium including 
Knockout DMEM, 15% fetal bovine serum, 50 ng/ml BMP4, 50 ng/ml SCF, 50 ng/ml 
TPO, 50 ng/ml G-CSF, 50 ng/ml IL-3, 20 ng/ml IL-6, 20 ng/ml VEGF and 10 ng/ml 
FGF2 (Zambidis et al., 2008).  
2.133 Ectoderm cell lineage differentiation 
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For dopaminegenic neuron differentiation, human ESCs were dissociated with 
TrypLE (Invitrogen) and seeded at 30,000 cells per well of 96-well. The cells were 
cultured in neuron induction medium that was composed of DMEM, 20% Knockout 
serum replacement, 50 ng/ml Noggin (R&D), 5 uM Dorsomorphin (Sigma), 1 uM 
LDN193189 (Stemgent) and 10 uM SB431542 (Sigma) for eight days. PAX6+ neural 
progenitors and LMX1A+ dopaminegenic neuron progenitor cells appeared during 
differentiation (Nefzger et al., 2012). 
For oligodendrocytes differentiation, human ESCs were dissociated with collagenase 
into 100-cell clumps and floating cultured in neural differentiation medium 
(DMEM-F12, 1% N2 supplement, 1% nonessential amino acids, 2 ug/ml herapin) for 
seven days. Then the EBs were transferred to the matrigel coated plate and the 
attached cells were cultured in rosette formation medium composed of DMEM, 1% 
B27, 0.1 uM Retinoid acid, 100 ng/ml SHH (or 1uM purmorphamine) for another 7 
days until the neural rosettes appeared. The FABP7+ and SOX1+ neural progenitors 
could be captured at this stage. Then the rosettes were manually lifted and 
disaggregated and the cells were also cultured in the rosette formation medium with 
no retinoid. The OLIG2+ glia progenitor cells would firstly appeared at this stage. 
More OLIG2+ cells could be obtained by continued differentiating the cells in glia 
medium which contained DMEM-F12, 1% N2 supplement, 2% B27 supplement, 1% 
Nonessential amino acids, 100ng/ml Biotin (Sigma) and 1uM cAMP (Sigma) (Sharp 
et al., 2011). 
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2.134 Other lineage differentiation 
To differentiate the cells into primordial germ-like cells, human ESCs were seeded on 
a six-well plate with less than 50% confluence. The cells were differentiated in the 
PGCM (Knockout DMEM, 20% Fetal bovine serum, 1 mM L-glutamine, 0.1 mM 
nonessential amino acids, 0.1 mM beta-mercaptoethanol, 20 ng/ml GDNF, 1ng/ml 
bFGF) and were changed medium every two days. Two weeks later, VASA+ cells 
appear (Grisanti et al., 2009; Kee et al., 2009). 
To differentiate the cells into trophectoderm lineage, human ESCs were seeded on a 
six-well plate with less than 50% confluence. The cells were cultured in hESC 
conditioned medium without FGF2 with addition of 1 uM A83-01, 0.1 uM PD173074 
and 10 ng/ml BMP4. CDX2+, CK7+, HCGB2+ and HAND1+ trophoblast-like cells 
appeared after 1 week differentiation (Xu et al., 2002).   
2.14 Teratoma formation analysis 
Based on the IACUC approved protocol, human ESCs were suspended at 
concentration of 1x107 cells/ml and around 100 ul cell mix were injected into the 
dorsal flanks of SCID mice that were anesthetized with Avertin. Teratomas formed 
after 2 to 3 months were surgically dissected, fixed, sectioned and analysed with 
Mallory’s Tetrachrome staining. The paraffin embedded teratomas were sectioned in 
a microtome. The sections were immersed in toluene and stained with Groat solution, 
Acid Fuschine and Aniline solution, followed by washing with ethanol and toluene. 
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CHAPTER 3: CONSTRUCTION OF A LINEAGE REPORTER LIBRARY 
3.1 Results 
This section will introduce the application of the transposon-mediated BAC reporter 
system in human embryonic stem cells and the utilization of specific reporter lines to 
identify and isolate endodermal progenitors. The multipotency of the isolated cells 
were analysed and genomic studies were conducted on these cells to reveal a 
transcriptional network that sustains the self-renewal capacity. 
3.1.1 Pilot assay of transposon-BAC reporter system in hESC 
To test the effectiveness of transposon-BAC reporter system, we first tried creating an 
OCT4 BAC reporter. Figure 3.1 shows the pilot assay result of reporter system in H1 
hESCs with OCT4 gene. Compared with the plasmid reporter system and knock in 
reporter system, the transposon-mediated BAC reporter contains nearly complete 
transcriptional regulation elements of a gene. To integrate the large BAC into human 
genome, we adopted a mini-transposon cassette with inverted ITRs inserted in the 
backbone of BAC to help integration. Generating a transposon reporter BAC remains 
a two-round BAC modification process. The RED/ET recombination method is 
adopted here according to the Genebridge’s company protocol to insert the cassette 
into the BAC DNA and this method requires linearized DNA flanked by terminal 
homology arms of only 50 bp. Thus, DNA homology arms for any given locus can be 
easily designed on the PCR primers. 
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Since the gene OCT4 is highly expressed in H1 hESC, the transient expression of the 
GFP on the BAC plasmid can be directly observed after transfection. Therefore we 
choose OCT4 as a pilot gene to test our reporter system. To make an OCT4 reporter 
BAC, we modified the BAC CTD-3206G17 containing OCT4 gene with the 
Tol2-transposon cassette and reporter cassette in succession. The modified BAC 
colonies were verified by PCR (Figure 3.1A). Next, the Tol2-OCT4-GFP BAC was 
transfected into H1 hESCs using electroporation with co-transfected Tol2 transposase 
expression plasmid. Drug-resistant green fluorescent clones were formed after 14 
days neomycin selection (Figure 3.1B). To prove that this reporter strategy would not 
influence hESC pluripotency, in vitro EB (embryonic body) differentiation (Figure 
3.1C) and in vivo teratoma formation (Figure 3.1D) analysis were performed with 
these reporter clones. Our results indicated that these reporter clones maintained the 
ability to differentiate into three germ layer lineages. To further characterize the BAC 
integrations, we analysed OCT4-GFP hESC clones for transgene copy number using 
FISH technique. The clones showed a single-copy signal (Figure 3.1E; Figure 3.1F). 
The integration site was further examined by inverse PCR and sequencing. As shown 
in the Figure 3.1G and Figure 3.1H, one example of OCT4-GFP clones had a single 
transgenic copy in a safe intergenic region on chromosome 19 without interfering two 
endogenous copies of gene OCT4 on chromosome 6. In summary, transposon-BAC 
reporter is an effective reporter system in hESC, which contains nearly complete 







Figure 3.1 Establishing OCT4-GFP reporter clones in H1 hESC and genotyping.  
(A) PCR verification of modified Tol2-OCT4-reporter BAC colonies. (B) 
Expression of GFP in the OCT4-GFP clones after 14 days neomycin drug selection. 
(C) Immunostaining results of OCT4-GFP embryoid body (D) Teratoma formation 
assay proved the undisturbed phenotype of hESC with transposon BAC reporter. (E) 
FISH result showed, in OCT4-GFP reporter clone, reporter cassette genome 
insertion locus was chromosome 19 instead of endogenous OCT4 locus. (F) 
Karyotyping result of OCT4-GFP clone is normal. (G) Inverse PCR result of the 
MboI, HindIII and ApoI digested genomic DNA of OCT4-GFP reporter clone. (H) 
Inverse PCR sequencing result showed that single transgene copy of OCT4-GFP 
reporter clone was located in a safe intergenic region on chromosome 
19:6027251-6047490. Scale bar, 20 μm. 
 
Given the encouraging results from the OCT4-GFP reporter cells, we applied 
transposon BAC reporter system to endoderm, mesoderm, ectoderm, trophectoderm 
and primordial germ cell lineages. As shown in the Figure 3.2, we selected the 
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representative markers, which have been published before, for different lineage cells. 
Some markers such as ALB, MYOD, LMX1A and PDX1 have very high level of 
specificity, which means they are only expressed in a specific cell types. Other 
markers such as FOXA2, CK19, KLF5 and ASMA may express in multiple lineage 
cell types but they will only express in progenitors of interest if a specific 
differentiation protocol is adopted. It is easier to select the right targeted clones of 
OCT4-GFP reporter since OCT4 is highly expressed in human ESCs. However, for 
lineage markers not expressed in hESCs, clones need to be differentiated into certain 
cell types to induce the expression of those marker genes. Direct differentiation and 




Figure 3.2 Markers of self-renewal and differentiation.  The words in the 
coloured boxes are the names of cell lineages. The words besides the boxes are the 
gene names of the markers for that cell lineage. All the gene names appeared in this 
figure are included in our reporter list. 
 
Bacterial artificial chromosome (BAC) is a DNA construct that usually 
contains >100kb genome fragments and BAC has been once used in the human 
genome sequencing. We adopt three criteria to choose the BACs. 
1. The BACs with around 200kb size is preferentially to be chosen since this size is 
proper for recombineering modification. 
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2. The BACs that cover the complete 5’UTR, CDS and 3’UTR of the marker gene 
are preferentially to be chosen. And the genes of interest are located in the middle 
of the BACs. 
3. If condition 2 cannot be achieved (some gene spans >100kb in size on the 
genome), the BACs that cover the 5’UTR and partial of the CDS of the marker 
gene are chosen.  
The following table summarize the ID of the BACs that we ordered from the 
Invitrogen and BACPAC (Table 3.1). Most of the BACs chosen here fulfil the criteria 
1&2. Only the gene LGR5 is an exception since the size of this gene is more than 
100Kb. Therefore, we adopt the criteria 3 and choose BAC RP11-56G19. 
 
Table 3.1 List of BACs ordered for construction transposon reporter library 
 
BAC ID Gene names Representative cell lineages 
CTD-2317D19 NANOG ES cell 
CTD-3206G17 OCT4A ES cell 
CTD-2272K14 SOX17 Endoderm 
RP11-980A6 ALB Hepatocyte 
RP11-56G19 LGR5 Adult stem cell 
CTD-3223H20 ACTIN Control 
RP11-107M5 TBX5 Cardiomyocyte progenitor 
RP11-975J22 EOMES Mesoendoderm 
CTD-2055P6 BRACHYURY Mesoendoderm 
CTD-3069O19 NESTIN Neural ectoderm 
RP11-993C19 SIRPA Cardiomyocyte 
CTD-3019L14 ACE/CD143 Haemangioblast 
RP11-698D9 KERATIN 19 Ectoderm epidermis 
RP11-1002M15 CK7 Trophoblast 
CTC-771F4 GATA4 Endoderm 
RP11-206E13 HAND1 Trophoblast 
RP11-460N21 ALPHA-SMA Smooth muscle progenitor 
RP11-133O4 GFRA1 Spermatogonial stem cells 
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RP11-980A6 AFP Hepatoblast 
RP11-63K1 SOX1 Early neural progenitor 
RP11-1144D1 FABP7 Nerual progenitor 
CTD-3207D13 PAX6 Nerual progenitor 
RP11-248F3 FOXA2 Endoderm 
RP11-159H22 LGR4 Adult stem cell related 
CTC-806I7 FOXL1 Endodermal foregut 
CTD-2545G14 ASGR1 Hepatocyte 
RP11-1083E2 NKX2-1 Thyroid/lung progenitor 
RP11-196D6 MYOGENIN Skeletal muscle progenitor 
RP11-3J20 VASA PGC 
RP11-232M2 NKX6-1 Pancreatic endoderm 
CTD-2586L11 MESP1 Mesoderm 
RP11-164D21 PAX7 Skeletal muscle early progenitor 
RP11-232K21 BMI1 Intestinal stem cell 




RP11-454G7 GLAST Late neural progenitor 
RP11-755G6 NEUROGENIN-2 Motor neuron 
RP11-76M22 ASCL1 Neuron 
CTD-2239M1 GFAP Neural stem cell 
RP11-94I18 OLIG2 Motor neuron marker 
RP11-1023C4 LMX1A Dopaminergic neuron progenitor 
RP11-844M17 FEV Serotonic neurons 
RP11-117B23 HTERT Telomerase 
RP11-980O14 ORM1 Adult liver marker 
RP11-246J15 LGR6 Adult stem cell 
RP11-366J23 LGR7 Adult stem cell related 
RP11-137M18 DAZL PGC 
RP11-1006G20 PLZF Spermatogonial stem cells 
RP11-716K24 MYOD Myogenic progenitor 
CTD-2514N18 PDX1 Pancreatic endoderm 
RP11-100K16 AAT Hepatocyte 
RP11-834J17 MYH6 Cardiac muscle 
RP11-300G13 KCNJ2 Cardiac muscle 
RP11-466H21 NKX2-5 Cardiomyocyte progenitor 
RP11-298E19 NFIB Adult stem cell related 
RP11-29G15 HCGB2 Trophoblast 
RP11-770M1 HNF4A Foregut endoderm 
RP11-111B21 TROY Adult stem cell 
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RP11-91N23 CNPASE Immature oligodendrocyte 
RP11-1017A18 FOXF1 Intestinal hindgut 
RP11-138K4 KLF5 Intestinal hindgut 
RP11-319P9 RYR2 Cardiomyocyte 
RP11-759K17 HNF4A Foregut endoderm 
 
 
3.1.2 Generation of reporter lines of endoderm cell lineages 
A series of endodermal lineage markers such as SOX17, FOXA2, GATA4, FOXL1, 
AFP, ALB, PDX1, NKX6-1, NKX2-1, KLF5, FOXF1 and LGR5 are included in the 
reporter list and relevant BACs have been modified with reporter cassettes and the 
modified BACs were electroporated into hESCs. After drug selection, clones for each 
reporter BAC need to be validated to see whether the upregulation of GFP can reflect 
the upregulation of the actual gene. Figure 3.3A shows the appearance of GFP signals 
of the SOX17-GFP, FOXA2-GFP and GATA4-GFP reporter cells lines after 
endoderm differentiation. Figure 3.3B shows the appearance of GFP signals of the 
ALB-GFP reporter lines after 3-4 weeks of liver differentiation. Figure 3.3C shows 
the appearance of GFP signals of the PDX1-GFP after 2 weeks pancreatic 
differentiation. Figure 3.3D shows the appearance of GFP signals of the FOXF1-GFP 





Figure 3.3 Reporter lines for endoderm cell lineages.  (A) Appearance of GFP 
signals of the SOX17-GFP, FOXA2-GFP and GATA4-GFP reporter cells lines after 5 
days endoderm differentiation. Auto-fluorescence was checked based on RFP signal. 
(B) Appearance of GFP signal of the ALB-GFP reporter lines after 25 days liver 
differentiation. (C) Appearance of GFP signal of the PDX1-GFP reporter lines after 
16 days pancreatic differentiation. (D) Appearance of GFP signals of the 
FOXF1-GFP and KLF5-GFP reporter lines after 9 days intestinal progenitor 
differentiation. Scale bar, 20 μm. 
 
Because of the complexity of some protocols, it is time-consuming and wasteful to 
validate all the clones with direct differentiation protocol. Embryoid body method can 
be utilized to screen the targeted clones first before specific differentiation. For 
example, LGR5 is identified as an adult stem cell marker for intestinal lineages and 
LGR5+ cells will not appear until 48 days of intestinal organoid differentiation in 
vitro (Spence et al., 2011). Therefore, embryoid body formation method served as a 
primary screen to exclude the negative clones from LGR5-GFP drug-resistant clones. 
After 14 days drug selection of the electroporated hESCs, we obtained 20 
neomycin-resistant clones.  The hESCs of these reporter clones were dissociated into 
100-cell clumps and let free-floating in the unconditioned culture medium without 
FGF2. Some WNT signalling agonists like CHIR99021 and Deoxycholic acid were 
also added in the unconditioned medium to stimulate LGR5 expression within these 
EB cells. After 12 days EB suspension culture, GFP+ cells were found in three clones’ 
EBs (Figure 3.4A). RFP was also checked to exclude the possibility that the 
observation of GFP was due to auto-fluorescence of dead cells within EB clumps. Our 
qPCR result confirmed that the upregulation of GFP in these clones’ EBs was 
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paralleled with the upregulation of LGR5 (Figure 3.4B). To further validate the 





Figure 3.4 Screening drug-resistant LGR5 reporter clones.  (A) Embryoid body 
differentiation of reporter clones and discovery of potential positive clone 11, clone 
14 and clone 16. (B) LGR5 and EGFP gene expression level in various clones’ 
embryonid bodies. Undifferentiated LGR5-GFP clones were used as controls. (B) 
Intestinal organoid differentiation for further validation and discovery of positive 
clone 14 (C) In vitro differentiation of intestinal lineages from H1 human pluripotent 
stem cells. Monolayer differentiation is performed with definitive endoderm 
formation after 3 days ActivinA treatment and hindgut spheroid formation after 
following 4 days FGF4+WNT3A treatment. The hindgut spheroid was collected and, 
after initial >25 days of growth in a matrigel bead, the cells formed more obvious 
villus-like structure. (D) qPCR result to confirm that differentiated cells are intestinal 
lineages. Undifferentiated H1 cells served as the control. (E) Potential positive clones 
selected from embryoid body formation assay were further validated by intestinal 
lineage differentiation. (F) RT-PCR results confirms, in the LGR5-GFP clones, the 
upregulation of EGFP is in parallel with upregulation of lgr5. (G) The karyotyping 
and FISH results of LGR5-GFP clones. Mean ± s.e from triplicate RT-qPCR data are 
shown for all results. Scale bar, 20 μm. 
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The protocol to differentiate hESC into intestinal organoid takes more than 21 days in 
total. The first step was to differentiate hESC into intestinal hindgut. After three days 
of Activin A treatment and four days FGF4+WNT3A treatment, flat cell sheets 
condensed into epithelial tube like structure and some of them budded off to form 
floating hindgut spheroids (Figure 3.4C).The hindgut-like spheroids were then 
collected and embedded into 70%~100% matrigel for 3D organoid culture. In the first 
14 days, the simple cuboidal epithelium of the spheroid expanded and formed a highly 
convoluted epithelium surrounded by mesenchymal cells (Figure 3.4C). To further 
purify the organoids, these highly convoluted epitheliums were manually collected 
and embedded into a new 70%~100% matrigel to continue organoid culture. After 28 
days, these epitheliums matured into columnar epitheliums with villus-like structure. 
Interestingly, these organoids can be expanded and further passaged, indicating that 
some self-renewal and multipotent cells may exist in this intestinal organoid.  
The cell identity of the day7 hindgut spheroid and day28 intestinal organoid was 
validated by qPCR. The expression level of early intestinal lineage markers CDX2, 
KLF5, FOXF1 were significantly higher in hindgut spheroid while later stage 
intestinal marker VILLIN was upregulated in day28 intestinal cell clumps (Figure 
3.4D).  
Then, we used previously established intestinal lineage differentiation protocol to 
further validate these reporter clones. After around 20 days intestinal cell clump 
culture, GFP+ cells were visible in the villus-like epithelium of the LGR5-GFP cell 
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clumps (Figure 3.4E) and this observation was confirmed by RT-PCR result (Figure 
3.4F). The karyotype of LGR5-GFP reporter cells is correct and the FISH analysis 
also shows there is one copy insertion the BAC in the genome (Figure 3.4G).  
To validate the reporter lines of other markers, we also adopted the embryoid body 
formation method and differentiation protocols to select the positive clones and we 
also conducted qRT-PCR to check whether the upregulation of the GFP is in parallel 
with the upregulation of the endogeneous marker gene. 
In summary, we utilized the transposon BAC reporter system to establish a series of 
endoderm reporter lines such as SOX17-GFP, FOXA2-GFP, GATA4-GFP, ALB-GFP, 
PDX1-GFP, NKX61-GFP, KLF5-GFP, FOXF1-GFP and LGR5-GFP in hESCs and 
validate the reporter lines by differentiating these cells into specific lineages. 
3.1.3 Generation of reporter lines of mesoderm cell lineages 
A series of mesodermal lineage markers such as BRACHRYURY, EOMES, MESP1, 
NKX2-5, TBX5, SIRPA, ACE/CD143, ALPHA-SMA, MYOD, MYOGENIN and 
PAX7 are included in the reporter list and relevant BACs have been modified with 
reporter cassettes and the modified BACs were electroporated into hESCs. Figure 
3.5A shows the appearance of GFP signals of the T-GFP, EOMES-GFP and 
MESP1-GFP reporter cells lines after mesoendoderm differentiation. Figure 3.5B 
shows the appearance of GFP signals of the TBX5-GFP and SIRPA-GFP reporter 
lines after three weeks cardiac differentiation. Figure 3.5C shows the appearance of 
GFP signals of the ACE-GFP after 4 weeks hematopoietic differentiation. Figure 
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3.5D shows the appearance of GFP signals of the PAX7-GFP after 14 days skeletal 
muscle progenitor differentiation. Figure 3.5E shows the appearance of GFP signals 
of the ASMA-GFP after 14 days smooth muscle progenitor differentiation. For the 
cardiac lineage differentiation protocol, cell beating phenomenon could reflect the 
differentiation efficiency of the protocol. TBX5-GFP cells will firstly appear at day7 
of the differentiation and the signal intensity will reach its peak at day14 when 






Figure 3.5 Reporter lines for mesoderm cell lineages.  (A) Appearance of GFP 
signals of the T-GFP, EOMES-GFP and MESP1-GFP reporter cells lines after 3 days 
mesoendoderm differentiation. Auto-fluorescence was checked based on RFP signal. 
(B) Appearance of GFP signals of the TBX5-GFP, NKX25-GFP and SIRPA-GFP 
reporter lines after three weeks cardiac differentiation. (C) Appearance of GFP signals 
of the ACE-GFP after 4 weeks hematopoietic differentiation. (D) Appearance of GFP 
signals of the PAX7-GFP after 14 days skeletal muscle progenitor differentiation.  (E) 
Appearance of GFP signals of the ASMA-GFP after 14 days smooth muscle 
progenitor differentiation. Scale bar, 20 μm. 
 
3.1.4 Generation of reporter lines of ectoderm cell lineages 
A series of ectodermal lineage markers such as NESTIN, CK19, FABP7, PAX6, 
SOX1, ASCL1, GLAST, LMX1A, NGN2 and GFAP are included in the reporter list 
and relevant BACs have been modified with reporter cassettes and the modified 
BACs were electroporated into hESCs. Figure 3.6A shows the appearance of GFP 
signals of the NESTIN-GFP reporter cells lines after neural ectoderm differentiation. 
Figure 3.6B shows the appearance of GFP signals of the FABP7-GFP and PAX6-GFP 
reporter lines after three weeks neural progenitor differentiation.  
77 
 
Figure 3.6 Reporter lines for ectoderm cell lineages.  (A) Appearance of GFP 
signals of the NESTIN-GFP reporter cells lines after 3 days neural ectoderm 
differentiation. Auto-fluorescence was checked based on RFP signal. (B) Appearance 
of GFP signals of the FABP7-GFP and PAX6-GFP reporter lines after three weeks 
neural progenitor differentiation. Scale bar, 20 μm. 
 
3.1.4 Generation of reporter lines of trophectoderm and primordial germ cell 
lineages 
A series of trophectoderm and primodial germ cell lineage markers such as CK7, 
CDX2, HCGB, HAND1, VASA, GFRA1, PLZF and DAZL are included in the 
reporter list and relevant BACs have been modified with reporter cassettes and the 
modified BACs were electroporated into hESCs. Figure 3.7A shows the appearance 
of GFP signals of the CK7-GFP, CDX2-GFP and HAND1-GFP reporter cells lines 
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after trophectoderm differentiation. Figure 3.7B shows the appearance of GFP signals 
of the GFRA-GFP and VASA-GFP reporter lines after three weeks PGC 
differentiation. Gene expression of the sorted GFP+ and GFP- cells is analysed to 
validate the fidelity of each mesodermal lineage reporter lines. Beta-actin is a 
housekeeping gene and the ACTIN-GFP reporter line is made as a positive control for 
the whole reporter system (Figure 3.7C). 
In summary, we utilized the transposon BAC system to generate multiple lineages 
reporter lines. To prove the application of the reporter in identification and isolation 
of a specific lineage cell types, we used ALB-GFP as an example to isolate 




Figure 3.7 Reporter lines for trophectoderm and primordial germ cell lineages.  
(A) Appearance of GFP signals of the CK7-GFP, CDX2-GFP and HAND1-GFP 
reporter cells lines after 1 week trophectoderm differentiation. Auto-fluorescence was 
checked based on RFP signal. (B) Appearance of GFP signals of the GFRA-GFP 
reporter lines after three weeks PGC differentiation. (C) The ACTB-GFP reporter line 
was also generated as a positive control for the reporter system. Scale bar, 20 μm. 
 
3.1.5 Isolation of ALB+ hepatocytes for in vitro culture 
ALB-GFP reporter lines were differentiated into hepatocyte-like cells according to the 
Duncan’s protocol and ALB-GFP signal can be observed at day 25. Then, the 
ALB-GFP cells were sorted out from differentiated cells by FACS machine (Figure 
3.8A). 100,000 cells were lysed by TRIzol for RNA extraction and 100,000 cells were 
collected for culture. Matrigel-coated and feeder based 2D monolayer culture methods 
have been tried but failed to maintain sorted GFP+ cells. Therefore, 3D matrigel 
method, which is used for intestinal organoid culture before, was tested to support the 
growth and survival of sorted GFP+ cells. Different medium, growth factors and 
culture conditions have been tested. It needs to be noted that all the ALB-GFP 
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negative cells stopped growing in our in vitro culture condition. Since our aim is to 
find a condition to maintain the ALB-GFP positive cells in vitro, we did not put too 
much effort to find the explanation of this phenomenon. Based on the reporter, the 
culture condition that can sustain the ALB-GFP signals can be chosen (Figure 3.8B). 
After selection, three kinds of medium hold the potential to maintain and culture 
ALB+ cells. The ‘Medium1’ is composed of Hepatic maintenance medium(R&D), 
EGF, HGF, FGF10, Ascorbic acid, Nicotinamide, Exendin4 and Gastrin. The 
‘Medium2’ is composed of DMEM-F12, N2, B27, EGF, HGF, OSM, DEX, Ascorbic 
acid, Nicotinamide, Exendin4 and Gastrin. The ‘Medium3’ is composed of 
KODMEM, FBS, EGF, HGF, OSM, DEX, CHIR99021, Ascorbic acid, Nicotinamide, 
Exendin4 and Gastrin. The RNA of the ALB-GFP cells cultured in the Medium1,2,3 
for 14 days is isolated and analysed. Fetal and adult liver samples (Clontech) are 
included in the gene expression comparison. The gene expression of all the samples is 
normalized to undifferentiated hESC control (Figure 3.8C). The expression of AFP, 
an immature hepatocyte marker, decreases in cells cultured in the Medium1,2,3 
compared with the ALB+ cells just sorted by FACS, which marks the maturation of 
the hepatocytes. Then we checked the mature hepatocyte markers expression levels in 
all the samples and used adult liver as a positive control to normalize the data (Figure 
3.8D). ALB, liver Phase1 and Phase2 metabolic enzymes’ expression showed that 
these cells cultured in the medium1,2,3 are more close to adult liver while ALB+ cells 
just sorted from differentiation are more close to fetal liver. To verify the real-time 
PCR result, we did the immunoblotting of the metabolic cytochrome CYP2C9 and 
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CYP3A4 and these results also confirm the maturation status of the cultured cells 
(Figure 3.8E). We are doing immunostaining of other candidate genes that we 
included in the real-time PCR. Furthermore, LDL staining (Figure 3.8F) proved that 
the ALB-GFP cells cultured in our medium for 2 weeks gained more LDL uptake 
ability than ALB-GFP cells without further culture. We will include a positive control 
such as HepG2 liver cells in the LDL uptake experiment to further confirm the result. 
ALB ELISA (Figure 3.8G) experiments prove the hepatocytes maintained in 
medium1,2,3 still have high-level ALB secretion abilities. We used the published 
result in the Duncan’s paper as a positive standard for the ELISA experiment 
(Si-Tayeb et al., 2010). Meanwhile, to prove the glycogen storage ability of the 





Figure 3.8 Isolation of ALB+ hepatocytes for in vitro culture.  (A) Appearance of 
GFP signals of the ALB-GFP reporter cell lines after 25 days hepatocyte 
differentiation. Around 5% of the differentiated cells are GFP+ cells and these GFP+ 
cells were sorted out by Moflo FACS machine. (B) 2 weeks culture of the sorted 
GFP+ cells in Medium1 and the GFP signal was still maintained (C) The immature 
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hepatocytes markers AFP and KRT7 expression level in sorted GFP+ cells, sorted 
cells after 2 weeks culture in Medium1,2,3, fetal liver sample and adult liver sample. 
All the gene expression are normalized to the gene expression of undifferentiated H1 
cells (D) The mature hepatocytes markers ALB, CYP2C9, CYP2C19, SULT1A1, 
UG1A1 and UGT2B7 expression level in sorted GFP+ cells, sorted cells after 2 weeks 
culture in Medium1,2,3, fetal liver sample and adult liver sample. All the gene 
expression are normalized to the expression level of adult liver samples (E) 
Immunostaining of the sorted cells 2 weeks cultured in vitro with CYP3A4 (Santa 
Cruz 1:200) and CYP2C9 (Santa Cruz 1:200) antibodies. (F) LDL assay to check the 
LDL-uptake ability of the ALB-GFP cultured cells and ALB-GFP cells without 
further culture. (G) ALB ELISA to check the ALB secretion level of the cultured cells 
and compare their ALB secretion level with the positive control: results of monolayer 
differentiated ALB+ cells. Mean ± s.e from triplicate RT-qPCR data are shown for all 
results. Scale bar, 20 μm. 
 
In summary, we utilize the ALB-GFP reporter to screen the culture condition and find 
certain medium components that can culture the ALB+ cells, maintain the hepatic 
characteristics of the ALB+ cells and further promote the maturation status of the 
ALB+ hepatocytes in vitro. The ALB-GFP data presents an example to take advantage 
of our reporter system to identify, isolate and culture certain lineage specific cells in 
vitro.  
3.2 Discussion 
This chapter examines the establishment and application of the transposon-BAC 
reporter system in identifying and isolating lineage specific cell types. A detailed 
evaluation of the transposon-BAC reporter system has revealed that this system 
contains more completed transcriptional regulation elements and has higher cell 
targeting efficiency and more secure genome integration compared with the previous 
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versions. This is because the large capacity of BAC ensures that it may contain the 
nearly complete transcriptional regulation elements of a gene and Tol2 transposon 
itself can integrate the large BAC DNA into a relatively secure genome site. It was 
also found that this system can be applied not only to genes expressed in human 
embryonic stem cells but also to genes expressed in differentiated cells, thus showing 
that this system is possible for a wider range of applications in isolating lineage 
specific cell types. CRISPR-Cas9 mediated 3’UTR targeting reporter system is also 
adopted by various groups but the influence of 3’UTR gene targeting on mRNA 
transcription is still under debate (Kimura et al., 2013; Yang et al., 2013; Liu et al., 
2014; Shu et al., 2015). And it has been noticed by some groups that the GFP signal in 
this reporter strategy is not strong enough. Transposon-BAC system also has one big 
demerit. It relies on the transposon-mediated BAC random integration. Although 
FISH data has shown that there is only one extra copy of the BAC in the genome and 
predicted transposon integration sites are mostly intron and intergenic regions, the 
exact integration site cannot be controlled, which bears the risk that the random 
integration may influence some endogenous genes function. All in all, there is no 
perfect reporter system till now and establishing a reporter resource based on 
transposon BAC system is at least more feasible in practice.    
Based on this system, we established the ACTB-GFP reporter line in hESC as a 
positive control and generated OCT4-GFP and NANOG-GFP reporter lines in hESC 
as a pilot assay. Given the encouraging results from the reporter lines of these 
pluripotency genes, we continued to extend the system to making reporter lines of 
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endodermal, mesodermal, ectodermal, trophectoderm and PGC lineages. The markers 
are selected based on their specificity among different lineage cells. Although some 
genes such as SOX17, CK7 and PAX6 have been reported to mark more than one cell 
lineages, these genes’ reporter lines are still useful to isolate specific lineage cells 
when an appropriate differentiation protocol is adopted.  
Since the lineage markers do not express in hESC, one difficulty is to activate these 
markers expression level by exogenous or endogenous activation. The exogenous 
activation can be stimulated by chemical compounds or growth factors reported to be 
the agonist of certain signalling pathways or genes. The endogenous activation can be 
stimulated by differentiating the reporter lines to specific lineages with up-regulation 
of these marker genes. The validation of LGR5-GFP reporter lines serves as an 
example to explain the reporter clones selection process. When it needs to take > 2 
weeks for direct differentiation protocol to ignite the GFP signal in a certain reporter 
line, the embryoid body formation method will be firstly adopted to eliminate the 
non-targeted clones. Embryoid body formation will help reporter clones to exit from 
pluripotency state and embryoid body itself contains a mixture of progenitors which 
may give rise to any terminally differentiated cells. Meanwhile, the exogenous 
activation is also needed to push cells to a certain developmental direction during 
embryoid body culture. For example, since the LGR5 is reported to be the receptor of 
WNT pathway and its ligand are RSPO family members, WNT pathway agonist 
CHIR99021 and Deoxycholic and growth factor R-spondin1 were added in the culture 
medium of the LGR5-GFP embryoid bodies. Then, the selected clones were further 
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validated by direct intestinal differentiation protocol. A 3D matrigel embedded culture 
method is included in this protocol, which gave us the hint to find ideal culture 
condition of ALB+ cells in vitro. Based on the experience of validating LGR5-GFP 
reporter lines, a series of endodermal, mesodermal, ectodermal, trophectoderm and 
PGC lineages reporter lines were also validated by direct differentiation and embryoid 
body methods. The reporter lines of some terminally differentiated cells such as 
TH-GFP, MAP2-GFP, NGN2-GFP, DAZL-GFP, ASGR1-GFP and AAT-GFP are not 
fully characterized since there is no efficient way till now to activate these genes 
expression and induce relevant cells differentiation from hESC.  
To further confirm the fidelity of the established reporter lines, the GFP+ cells were 
sorted from the differentiated cell pool for gene expression analysis. The standard for 
reporter lines is that, for each marker, at least two independent lines should present 
the similar qPCR results that the upregulation of the marker gene is in parallel with 
the upregulation of the GFP.   
Numerous RNAi screen and chemical screen assays have been conducted on human 
ESCs to discover novel factors that drive the self-renewal of ESCs. However, little is 
done on early progenitor cells. A simple readout, cell proliferation and cell 
maintenance are three prerequisites for large scale screen. Reporter system brings the 
possibility to fulfil these requirements. The GFP signal can serves as the readout for 
screen and a suitable culture condition can be monitored to maintain a certain 
progenitor cells in vitro.  
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Heterogeneity of the hESC has been reported before. That group adopted 
NANOG-GFP reporter lines to uncover the difference of hESCs with different 
NANOG expression level. This kind of heterogeneity may also exist in the 
endodermal and ectodermal progenitors. FOXA2, GATA4 and SOX17 are all 
regarded as endoderm markers but the differentiation potential of FOXA2+, GATA4+ 
and SOX17+ cells have not been well studied. It may be interesting know which 
progenitors are more inclined to foregut, midgut or hindgut development by taking 
advantage of the reporter tools. Similar with endoderm, the ectodermal progenitors 
also needs to be further classified into subgroups. The PAX6, FABP7 and SOX1 are 
all regarded as neural progenitor markers but the heterogeneity of the NPC is poorly 
understood. Reporter also holds the chances to uncover this unknown.      
Studying cell fate transition is also a possible application for reporter system. By 
changing the fluorescent gene and drug selection marker in our reporter cassette, we 
also established a dual reporter system which enables one cell contain two genes 
reporter inside. For example, making a HNF4A-GFP & ALB-RFP reporter cell line 
can help us screen the factors that promote the transition from HNF4A+ hepatoblasts 
into ALB+ hepatocytes.  
Screening culture conditions to maintain a specific cell type is also a way to utilize the 
reporter lines. Adult hepatocytes usually lose their proliferation ability in vitro and the 
previous protocols to direct differentiate hESC into liver cells can only generate 
ALB+ cells with fetal liver characteristics. To improve the culture condition, we used 
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ALB-GFP reporter line for in vitro culture. With help of reporter, we can capture the 
ALB+ cells during hESC differentiation, which only occupy 10% of the total 
differentiated cell pool. According to previous intestinal organoid culture experience, 
we found the matrigel embedded method can greatly improve the survival rate of 
single cells. Various basal medium, growth factors and chemical compounds have 
been tested. Some medium components will kill cells immediately and some medium 
will accelerate the disappearance of the ALB-GFP signal. Three medium components 
are selected and the ALB-GFP signal can be maintained in the organoid culture 
system for more than 10 passages. The gene expression analysis shows the maturation 
status of the hepatocytes increases in the 3D culture system. However, according to 
the current data, the ALB secretion level of the cultured cells is still significantly 
lower than the adult liver cells. And the matrigel embedded culture method is still 
more labour-consuming than the monolayer culture method and it is not applicable for 
the large scale cell culture since the matrigel itself restricts the size of the cell clumps 
and the matrigel is expensive in cost. Therefore, there is still visible improvement 
space for finding a better culture system for ALB+ hepatocytes in vitro with the help 
of the ALB-GFP reporter lines. 
3.3 Future work 
In summary, our transposon BAC reporter lines provides a resource library for 
identifying and isolating specific lineage cells and studying the cell fate deterministic 
factors.  
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For the system itself, it will be better to replace the transposon element with specific 
loci targeting method, which can overcome the risk from the transposon random 
integration. For example, the CRISPR-Cas9 technique can be adopted to try inserting 
the whole BAC into a safe harbour in human genome such as adeno-associated virus 
integration site 1 (also known as the PPP1R12C locus).    
For the reporter gene list, it will be also interesting to include some genes family or 
some pathway candidates. This will help to study a family genes’ function and a 
pathway’s activity in embryo development.  
For the double colour reporter system, it will greatly facilitate the study of the 
cell-cell transition and enhance the research on multiple cell lineages’ behaviour in 
the same context. 
Since the reporters can help us to generate different lineage progenitors, it is possible 
to discover a gene’s novel function by scanning the genes expression throughout all 
the isolated progenitors. In the next Chapter, we will introduce the reporter based 























CHAPTER 4: LGR6 ROLE IN HUMAN MESODERM DEVELOPMENT  
4.1 Results 
4.1.1 Reporter based approach to identify the potential function of Lgr6 in 
mesoderm development 
FOXA2-GFP, GATA4-GFP, SOX17-GFP, BRACHYURY-GFP and EOMES-GFP 
reporter lines are differentiated into endodermal lineages and GFP+ cells were sorted 
for RNA extraction. PAX7-GFP, ACTA2-GFP, TBX5-GFP and SIRPA-GFP reporter 
lines are differentiated into mesodermal lineages and GFP+ cells were sorted for RNA 
extraction. PAX6-GFP, NESTIN-GFP and SOX1-GFP reporter lines are differentiated 
into ectodermal lineages and GFP+ cells are sorted for RNA extraction. GFRA-GFP 
and HAND1-GFP reporter lines are differentiated into PGC-like lineage and 
trophoblast-like lineage respectively and GFP+ cells is sorted for RNA extraction. 
The RNA of undifferentiated hESCs is also extracted for serving as control in 
quantitative PCR analysis. The Figure 4.1A shows that LGR4 gene expression does 
not present obvious difference among endodermal, mesodermal and ectodermal 
lineage cells, while LGR5 is highly expressed in the endodermal lineage cells which 
are confirmed with previous reports. Moreover, LGR6 is relatively higher expressed 
in the mesodermal lineage cells, especially in the cardiac progenitors. Figure 4.1B 
indicates that RSPO family genes RSPO1,2,3,4, which are discovered to be the 
ligands for LGR4,5,6 receptors (Carmon et al., 2011; Carmon et al., 2012; de Lau et 
al., 2011; Glinka et al., 2011; Ruffner et al., 2012), are also highly expressed in the 
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mesodermal lineages. Previous studies about LGR6 gene is mainly focused on its role 
in adult hair-follicle growth and cancer carcinoma progression (Zhang et al., 2015; 
Ren et al.,2014; Steffen et al., 2012; Deguci et al., 2012; Gong et al., 2012; Lough et 
al., 2013; Hirose et al., 2011; Leushake et al., 2012). Rare reports are discussing its 
function in embryonic development and there is no report shows this gene’s 
relationship with mesoderm. The reporter based quantitative PCR analysis raises the 




Figure 4.1 LGR family genes and RSPO family genes expression level in multiple 
cell lineages.  (A) LGR4, LGR5 and LGR6 genes expression in endodermal, 
mesodermal, ectodermal, trophoblast and PGC like lineage cells. The red bars 
FOXA2+, GATA4+ and SOX17+ represent the endodermal cells sorted by 
FOXA2-GFP, GATA4-GFP and SOX17-GFP reporter lines. The orange bars 
BRACHYURY+ and EOMES+ represent the mesoendodermal cells sorted by 
BRACHYURY-GFP and EOMES-GFP reporter lines. The yellow bars PAX7+, 
ACTA2+ and TBX5+ represent the mesodermal cells sorted by PAX7-GFP, 
ACTA2-GFP and TBX5-GFP reporter lines. The green bars PAX6+, NESTIN+ and 
SOX1+ represents the ectodermal cells sorted by PAX6-GFP, NESTIN-GFP and 
SOX1-GFP reporter lines. The blue bars GFRA+ and HAND1+ represent the 
trophoblast and PGC-like cells sorted by GFRA-GFP and HAND1-GFP reporter lines.  
All the gene expression is normalized to the expression level of undifferentiated H1 
cells. (B) RSPO1, RSPO2, RSPO3 and RSPO4 genes expression in endodermal, 
mesodermal, ectodermal, trophoblast and PGC like lineage cells. All the gene 
expression is normalized to the expression level of undifferentiated H1 cells. Mean ± 
s.e from triplicate RT-qPCR data are shown for all results. Scale bar, 20 μm. 
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4.1.2 Depletion of LGR6 in undifferentiated human ESCs by CRISPR-Cas9 
technique  
Complete depletion of the LGR6 in human ESCs is conducted to study the function of 
this gene. CRIPR-CAS9 gene targeting technique is adopted. Figure 4.2A shows the 
workflow of the gene targeting process. Two pairs of guide RNA spacer have been 
designed to ensure there is at least one pair perform high gene targeting efficiency. 
After 48 hours transfection of Cas9-GFP and spacer-RFP plasmids into human H1 
ESCs, around 200K RFP+GFP+ double positive cells were sorted and seeded in 
matrigel coated 10cm dish around 20k each plate (Figure 4.2A). More than 200 
colonies were picked after two weeks culture and genomic DNA were extracted for 
genotyping. Cas9-spacer mediated gene targeting will cause small fragment deletion 
around the spacer binding site. Therefore, as shown in the Figure 4.2B, homozygous 
deletion caused size difference of the genotyping product and this difference can be 
detected by gel electrophoresis when the PCR bands of the targeted clones were 
compared with the wild type clone. Figure 4.2C shows the sequencing results of some 
LGR6 Knockout clones. Sequencing nucleotide data was blasted with wild type 
human genome on the NCBI website. And the raw peak image of the sequencing data 
was checked to confirm the fidelity of the sequencing result. As shown in the Figure 
4.2C, clone 14, clone 20 and clone 54 are deleted 2 nucleotides in the exon2 of both 
alleles of LGR6 gene which will cause frame-shift mutation of the translated LGR6 
protein. The potential off-target sites of the spacer used in the gene targeting were 
predicted by the MIT online software www.crispr.mit.edu and Bach2 and Crct3 are 
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predicted to be the top 2 genes with high risk of spacer off-target. Figure 4.2D shows 
that sequencing result of these two sites in the genome of the clone 14, 20 and 54 and 
there is no deletion or insertion according to the NCBI blast result. However, this still 
cannot fully eliminate the possibility that other genes in these three clones are 
destroyed by Cas9-spacer. Therefore, to reduce the influence of off-target effect on 
the analysis of the gene knockout phenotype, these three independent lines are all 




Figure 4.2 Depletion of LGR6 in undifferentiated H1 cells by Cripr-Cas9 gene 
targeting technique.  (A) The schematic shows the workflow of the Crispr-Cas9 
gene targeting. The Cas9-GFP plasmid, which express Cas9 simultaneously with GFP 
protein, is co-tranfected with spacer-RFP plasmid, which express LGR6 guide RNA 
together with RFP protein, into H1 cells by MIRUS transfection reagent. 48 hours 
later, double positive GFP+RFP+ cells were sorted by Moflo FACS machine and 
averagely 40k sorted single cells were put in one matrigel coated 10cm dish plate. 14 
days later, the independent clones were picked from the plate and expanded for 
genotyping. (B) Genotyping of the picked clones. The homozygous deletion of the 
LGR6 will cause the decrease in the genotyping PCR band size. The PCR band of the 
wild type H1 sets for the reference of the PCR band size. All the clones with shorter 
genotyping size will be sent for sequencing. (C) Sequencing results of the LGR6 KO 
clone14, clone20 and clone54. Compared with the wild type human genome, these 
three clones show 2 nucleotides deletion in LGR6 exon2 according to the NCBI 
BLAST result. Sequencing read maps were checked to confirm the sequencing results. 
(D) Predicted off-target sites BACH2 and CRTC3 were genotyped and sequenced in 
the LGR6 KO clones. LGR6 KO clone1,2,3 represents the LGR6 KO clone 14, 
clone20 and clone54 shown in Figure C. 
 
4.1.3 Depletion of LGR6 in hESC activates transcription factors expressed in 
early mesoderm 
Figure 4.3A shows the pluripotency genes expression level in LGR6 KO cells 
compared with wild type cells. Three hESCs controls are included. Two independent 
cultured wild type hESCs and one LRRK2 KO hESC. LRRK2 is a gene only 
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expressed in mature dopaminegenic neurons and the deletion of gene will not affect 
the mesoderm developmental study. The addition of LRRK2 KO hESC in the control 
can help to exclude the influence of Cas9 expression in the characteristics of human 
ESCs. The data shows that most of the pluripotency markers expression level does not 
significantly vary between control cells and LGR6 KO cells. However, only nanog 
expression is 3 fold higher in the LGR6 KO than controls cells. Figure 4.3B shows 
three germ layers marker genes expression level. The early mesoendoderm markers 
such as BRACHYURY and EOMES are higher expressed in LGR6 KO cells while 
early ectoderm marker NESTIN do not show apparent increase in the KO cells. In 
summary, the expression level of pluripotency gene NANOG and early 
mesoendoderm gene BRACHYURY and EOMES is upregulated in LGR6 KO cells and 
three independent LGR6 KO lines do not have significant difference according to the 
gene transcription level. 
Gene expression profiling is conducted to further understand the transcriptional 
changes in the LGR6 KO ESCs. One wild type hESC, one LRRK2 KO hESC and one 
LGR6 KO hESC are samples for microarray analysis. The clustering (Figure 4.3C) 
based on the mRNA profiling shows that the LGR6 KO hESCs are significantly 
different from LRRK2 KO hESCs and wild type hESCs. The microarray data also 
confirms the upregulation of NANOG, T and EOMES in the LGR6 KO cells (Figure 
4.3D). The GO analysis shows that the 420 genes with >1.5 fold upregulaion in LGR6 
KO compared with control H1 are mainly composed of signalling pathway, 
developmental process and mesoendoderm related genes. Meanwhile, another 809 
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genes that are >1.5 fold downregulated in LGR6 KO cells compared with control ESC 
are largely composed of nervous system development, cell membrane, extracellular 
region and cell adhesion related genes (Figure 4.3E). LGR6 siRNA knockdown in 
hESC also leads to the upregulation of these genes expression (Figure 4.3F). 
Considering both the KO lines and siRNA KD gene expression analysis results, it is 
probable that depletion of LGR6 in hESC will push the cells to a certain 
prime-mesoendoderm state but the cells still maintain pluriptency. It also implies that 













Figure 4.3 Depletion of LGR6 in hESC activates transcription factors expressed 
in early mesoderm. (A) Early endomesodermal genes SOX17, EOMES and T and 
mesodermal gene TBX5 are upregulated in LGR6 KO cells at undifferentiated ESC 
level. H1 controls are two independent WT-H1 lines and one LRRK2-KO line. LGR6 
KO line 1,2,3 refer to the previously genotyped LGR6 KO clone 14, 20 and 54 
respectively. All the expression levels are normalized with the gene expression of 
undifferentiated H1 cells. (B) Pluripotency genes expression in H1 control cells and 
LGR6 KO cells (C) Cell clustering generated from microarray relative gene 
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expression levels. LGR6 KO, WT H1 and LRRK2 KO cell lines are samples for 
microarray profiling. Biological triplicates were performed to ensure reproducibility 
of results. The clustering is conducted with Gene Spring software (p<0.05).  (D) 
Relative highly expressed genes were shown in red and low expressed genes in green. 
Gene onthology analysis was performed relating to “biological process” for the >1.5 
fold up- or down-regulated genes respectively. Examples of up-regulated genes upon 
LGR6 KO in ESCs were shown. (E) The enriched terms were classified into several 
function groups and listed in the chart. P<0.05. (F) Three pairs of LGR6 siRNA were 
used with10uM and 50uM concentration to knockdown LGR6 transcription in hESC. 
(G) LGR6 expression level in three independent MRC5 fibroblast lines and H1 
control lines. (H) LGR6 and NANOG protein level in WT H1, LRRK2 KO and LGR6 
KO cells. (I) LGR6 domain architecture was predicted by SMART online tools. The 
CRISPR-Cas9 targeting site, stop codon sites in LGR6 KO cells and antibody 
targeting sites were noted on the figure. (J) Immunostaining of the T, NANOG and 
LGR6 in H1 control cells and LGR6 KO cells. (K) FACS quantification of the 
immunostaining results was conducted. Mean ± s.e from triplicate RT-qPCR data are 
shown for all results. Scale bar, 20 μm. 
 
Figure 4.3G shows the LGR6 is much higher expressed in ESCs compared with 
MRC5 fibroblast line. RNA was extracted from three independent MRC5 cell lines 
and three independent undifferentiated hESCs. Three LGR6 primers were designed 
and used. The CT value of LGR6 gene in hESC is around 30, which indicates weak 
expression level of LGR6 RNA in hESC. Western blot result (Figure 4.3H) also 
confirms the existence of the LGR6 protein in the undifferentiated hESC and 
upregulation of NANOG protein level in LGR6 KO cells. Since, in the KO cells, the 
frame-shift mutation in the exon2 of the LGR6 leads to a truncated 17KDa LGR6 
protein, the LGR6 protein cannot be detected in the KO cells by the LGR6 antibody 
(Santa Cruz) which is targeting the 50KDa region of the wild type LGR6 (Figure 4.3I). 
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To quantitate the upregulation of the NANOG and T at protein level in KO cells, 
immunostaining and FACS (Figure 4.3J&K) are performed. Wild type hESCs, 
LRRK2 KO hESCs and LGR6 KO hESCs are included in the experiments. The 
immunostaining intensity and percentage of the FACS sorted NANOG and T positive 
cells are both augmented in the LGR6 KO lines. All these results confirm that 
depletion of LGR6 in hESC activates transcription factors expressed in early 
mesoderm and also imply that NANOG may be one key factor to mediate this 
activation. 
4.1.4 Depletion of LGR6 in hESCs influences mesoderm differentiation 
To further understand the consequence of the phenotype discovered in the LGR6 KO 
lines, we differentiate LGR6 KO cells into mesoendoderm and ectoderm lineages. 
Figure 4.4A shows the ectodermal lineage markers expression level in control hESCs 
and LGR6 KO hESCs at day 0, day 1 and day 6 differentiation. The ectoderm 
induction medium is composed of DMEM, 20% Knockout serum replacement, 
50ng/ml Noggin (R&D), 5uM Dorsomorphin (Sigma), 1uM LDN193189 (Stemgent) 
and 10uM SB431542 (Sigma). Three independent control hESCs and three 
independent LGR6 KO cells are included in the differentiation. Neuron progenitor 
markers nestin and pax6 are dramatically upregulated in day 1 differentiated control 
hESCs while these two genes only increase 2 folds in the LGR6 KO cells after one 
day differentiation. The retardance of ectoderm development can also partially 
confirm the prime-mesoendoderm characteristics of the LGR6 KO cells. After six 
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days culture, there is almost no difference between the control cells and LGR6 KO 
cells according to the neural markers expression. The deficient LGR6 function may be 
compensated by other factors during neural ectoderm development. 
Figure 4.4B&C presents the mesodermal and cardiac genes expression changes in 
control cells and KO cells at day 6 and day 14 cardiac differentiation from hESC. All 
the gene expression data is normalized to undifferentiated wild type hESC. In the 
initial six days mesoderm differentiation, the cardiac markers increased >100 fold in 
the LGR6 KO cells while increase around 20 fold in the control cells (Figure 4.4C). 
This further supports the prime-mesoendoderm state of the LGR6 KO hESCs. After 
14 days cardiac differentiation, beating clumps appeared in differentiated control cells. 
However, the beating phenomenon was only observed in the 17-19 days differentiated 
LGR6 KO cells and the cells’ morphology is not as homogenous as differentiated 
control cells’ morphology (Figure 4.4B). As expected, the cardiac markers are 
upregulated >1000 fold in the control cells after 14 days differentiation. However, the 
cardiac markers expression level in LGR6 KO cells does not increase significantly 
after day 6 (Figure 4.4C). The delay of the cardiac differentiation may be due to 
improper earlier activation of the mesoderm genes at day6 in the LGR6 KO cells. 
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Figure 4.4 Depletion of LGR6 in hESCs influences cardiac mesoderm 
differentiation.  (A) Ectoderm genes NESTIN, PAX6, SOX1 and FABP7 expression 
level in H1 control cells and LGR6 KO cells at day 1 and day 6 neural differentiation. 
Yellow and green bars refer to the gene expression of the cells at day 1 differentiation 
and blue and purple bars refer to the gene expression of the cells at day6 
differentiation. All the expression levels are normalized with the gene expression of 
undifferentiated H1 cells. (B) White field pictures of the LGR6 KO cells and H1 
control cells at day 14 cardiac muscle differentiation. H1 control cells start beating at 
day14 differentiation and cells are relatively homogeneous while LGR6 KO cells do 
not beating at day 14 and cells are relatively heterogeneous. (C) Cardiomyocyte 
markers MYH6 and TNNT2 expression level in H1 control cells and LGR6 KO cells at 
day6 and day14 cardiac muscle differentiation. Yellow and green bars refer to the 
gene expression of the cells at day6 differentiation and blue and purple bars refer to 
the gene expression of the cells at day14 differentiation. All the expression levels are 
normalized with the gene expression of undifferentiated H1 cells. Mean ± s.e from 
triplicate RT-qPCR data are shown for all results. Scale bar, 20 μm. 
 
4.1.5 NANOG regulates transcription factors expressed in early mesoderm 
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Above gene expression and protein level quantification results proves that depletion 
of LGR6 in hESCs will push the cells into prime-mesoendoderm state, which later 
influences cells’ mesoderm development. NANOG was hypothesized to take role in 
the activation of mesoendoderm markers in LGR6 KO cells. NANOG ChIP-qPCR is 
performed to examine the NANOG binding regions on the genome of the control and 
KO cells and the NANOG binding intensity is also evaluated. Previous ChIP-seq data 
generated by lab members has shown the NANOG binding on the EOMES, 
BRACHYURY and TBX5 promoter regions and POU5F1 enhancer and promoter 
regions (Lu et al., 2014). Figure 4.5 confirms their results and further shows that the 
NANOG binding intensity on these sites also significantly increases, which links the 
relationship between NANOG upregulation and prime-mesoendoderm states. 
Biological replicates are done to confirm the reproducibility of the results. 
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Figure 4.5 Enhanced NANOG binding on the TBX5, T and EOMES genes in 
LGR6 KO cells.  NANOG ChIP DNA was analysed by real-time PCR. OCT4 
proximal and distal enhancer regions CR2, CR4 and OCT4 promoter were used as 
positive controls for NANOG ChIP assay. Three pairs of GAPDH primers were 
adopted for negative primers and the average of their qPCR results were used for 
normalization. GFP antibody (Santa Cruz) was used as negative control. T, TBX5 and 
EOMES primers were designed based on previous NANOG ChIP-seq data. Biological 
triplicates are done to confirm the reproducibility of the results. Mean ± s.e from 
triplicate ChIP-qPCR data are shown for all results. 
 
 
4.1.6 LGR6 influences the WNT pathway activation and inactivation 
Since LGR6 is reported to be a WNT pathway receptor and WNT pathway has been 
proved to be highly important for mesoderm development, it is necessary to uncover 
the variation of the WNT pathway in LGR6 KO cells at undifferentiated and 
differentiated states.  
Figure 4.6A shows the canonical and noncanonical WNT pathway candidates 
expression level in undifferentiated LGR6 KO cells compared with control cells. The 
down-regulation of AXIN2, PTK and TCF1 are expected. However, there are more 
LEF1 expressed in KO cells. The canonical WNT family genes such as WNT1, 
WNT3A and WNT10A also increase in LGR6 KO cells (Figure 4.6B).  
Figure 4.6C&D shows the canonical WNT genes and noncanonical WNT genes 
expression of differentiated control cells and KO cells at day 6 and day 14 cardiac 
differentiation. As shown in the real time PCR results, both of the activation of 
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canonical WNT genes at day6 and inactivation of canonical WNT genes at day 14 are 
hampered in LGR6 KO cells. The disorder in the regulation of the canonical WNT 
pathways during cardiac development may be one essential reason for the delay of the 






Figure 4.6 WNT family genes and WNT pathway candidate genes expression 
levels in H1 control cells and LGR6 KO cells. (A) WNT pathway candidate genes 
expression in LGR6 KO cells and H1 control cells at undifferentiated status. Red, 
yellow and blue bars refer to the gene expression of the H1 control cells and green 
bars refer to the gene expression of the LGR6 KO cells. All the expression levels are 
normalized with the gene expression of undifferentiated H1 cells. (B) Canonical WNT 
family genes WNT1, WNT3A and WNT7B expression level in LGR6 KO cells and H1 
control cells at undifferentiated status. All the expression levels are normalized with 
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the gene expression of undifferentiated H1 cells. (C) Canonical WNT family genes 
WNT1, WNT3A and WNT7B expression level in LGR6 KO cells and H1 control cells 
at day6 cardiac differentiation. All the expression levels are normalized with the gene 
expression of undifferentiated H1 cells. (D) Canonical WNT family genes WNT1, 
WNT3A and WNT7B expression level in LGR6 KO cells and H1 control cells at day14 
cardiac differentiation. All the expression levels are normalized with the gene 
expression of undifferentiated H1 cells. Mean ± s.e from triplicate RT-qPCR data are 
shown for all results. 
 
4.2 Discussion 
This study is initiated with a reporter based approach to uncover a novel function of 
the LGR6 gene and then deep investigation was conducted to illustrate the link 
between LGR6 and early mesoderm development. LGR6 is a WNT pathway receptor 
and most of the previous studies on LGR6 are about its role in hair follicle 
development and cancer carcinoma progression. This study is the first to explore lgr6 
role in early development and link it with cardiac mesoderm. Furthermore, we also 
shows, at undifferentiated hESC stage, LGR6 already possess the function of 
controlling ESC differentiation potential. 
The progenitors sorted from various reporter lines are valuable resources that help to 
reveal the potential role of a gene in human development. From the mRNA analysis, 
we hypothesize that lgr6 may have specific function in mesoderm development. The 
subsequent gene functional deletion phenotype confirms the role of LGR6 in 
mesoderm development. We found that the deletion of LGR6 will push hESC into a 
primer-mesoendoderm state. This means LGR6 KO can more easily enter the 
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mesoendoderm than wild type H1 cells. This phenotype is validated by three 
independent LGR6 KO lines. The qPCR, western blot, immunostaining and FACS 
quantification all shows that the genes BRACHYURY and NANOG increase in the KO 
cells while other pluripotency markers such as OCT4, KLF2, DNMT3B and LIM28 do 
not change. Microarray profiling also confirms the upregulation of NANOG and 
BRACHYURY in the KO cells. In addition, the GO analysis shows that the 1033 genes 
with >1.5 fold upregulaion in LGR6 KO compared with control H1 are mainly 
composed of signalling pathway, developmental process and mesoendoderm related 
genes. Meanwhile, another 3300 genes that are >1.5 fold downregulated in LGR6 KO 
cells compared with control ESC are largely composed of nervous system 
development, cell membrane, extracellular region and cell adhesion related genes. 
The GO result is reasonable since LGR6 is a membrane protein and mediates the 
WNT signalling pathway, which is reported to be vital for cell adhesion. Besides, the 
LGR6 siRNA knock down also leads to the upregulation of nanog and brachyury in 
ESC, which again confirms fidelity of the LGR6 KO phenotype.  
To better understand the consequence of the LGR6 KO phenotype in hESC, we 
differentiate the KO cells and wild type cells in neural and mesoendoderm lineages. 
To avoid the effect of Cas9 on cell phenotype, we also include a LRRK2 KO cell line 
in the differentiation experiments. This prime-mesoendoderm state of the LGR6 KO 
cells will lead to the delay of early neural differentiation and advance appearance of 
mesoderm progenitor cells. However, the early formed mesoderm progenitors do not 
develop into cardiomyocytes efficiently like control cells. The time between day 12 
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and day 14 is usually the period when the beating clumps appear in the differentiated 
cell pools. However, we do not observe the appearance of the cardiacmyocytes in the 
LGR6 KO differentiated cells until day 17. The gene expression analysis also shows 
that the cardiac markers expression stop increasing in the LGR6 KO cells after day6. 
The analysis of the WNT pathway shows that the activation and inactivation of the 
WNTs are in disorder during LGR6 KO differentiation. A normal cardiac 
development needs immediate activation of canonical WNT pathway at early days 
and inactivation of canonical WNT pathway after mesoderm formation. Meanwhile, 
the non-canonical WNT pathway should be activated during cardiac progenitor 
development. In KO cells, the gene expression shows that the canonical WNT genes 
are highly expressed at undifferentiated stage and AXIN2 candidate gene is 
downregulated. This is reasonable since there are reports which show that when WNT 
proteins attach to the Frizzeld-receptors, Dishevelled is subsequently phosphorylated 
and targets the AXIN/GSK-3/APC destruction complex and thereby inhibits the 
degradation of beta-catenin. And our study also shows the increase of LEF1 
expression in KO cells. Therefore, the earlier activation of the canonical WNT 
pathway in the LGR6 KO cells may lead to the higher expression of mesodermal 
genes in hESCs. However, the continued differentiation of the KO cells is hampered 
by the insufficient inactivation of the canonical WNT pathway after mesoderm 
formation. The detail of the signalling pathway regulation needs to be further studied. 
In addition, LGR6 is reported before as a WNT receptor in cells with active canonical 
WNT pathway status. However, in this study, we found LGR6 may play opposite 
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function in the hESC, which is at inactive canonical WNT pathway status. One 
possible explanation for this is that LGR6 is not only a WNT receptor gene but also a 
lock for the hESC pluripotency state. The depletion of the LGR6 in hESC will lead 
the cells to enter a prime-mesoendoderm state and thus causes the activation of the 
canonical WNT pathway.  
NANOG is highly expressed in the LGR6 KO cells while the expression of other 
pluripotency markers does not change. NANOG is reported before to drive and 
pattern distinct subtypes of human mesoderm during cells’ exit from pluripotency. 
Therefore, we speculate that NANOG may be one deterministic factor that drives the 
upregulation of the mesodermal genes in LGR6 KO cells. The ChIP result confirms 
this hypothesis. Therefore, the upregulation of NANOG is a key reason for the 
upregualtion of mesoderm genes in KO cells. However, there is still a missing link 
between the NANOG and LGR6. We hypothesized that the accumulated 
BETA-CATENIN in the nucleus is the reason for NANOG upregulation. However, 
the BETA-CATENIN ChIP result does not detect significant binding of the 
BETA-CATENIN on the NANOG locus. This deserves to be further studied to figure 
out the regulator of NANOG in LGR6 KO cells.  
4.3 Future work 
In summary, we discovered the novel function of LGR6 in mesoderm development. 
We found that the depletion of LGR6 in hESC will lead to the upregulation of 
canonical WNT pathway and NANOG expression and NANOG will further activate 
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the mesodermal genes in hESC, which in total primes the hESC into a mesoendoderm 
state. The mechanism of the upregulation of NANOG is still unknown. Chemical 
inhibitors that targets the WNT-pathway will be added in the LGR6 KO and NANOG 
expression level will be analysed to figure out the wnt candidates that are related with 
the NANOG upregulation in LGR6 KO cells. siRNA knockdown can also be adopted 
to confirm the chemical screen results.  
We proposed that the in advance activation of the WNT pathway caused the 
insufficient inactivation of the canonical wnts in cardiac progenitor stage in KO cells. 
To further understand the changes of the wnt pathway activity in KO cells during 
cardiac differentiation, TOP-FLASH plasmid reporter, which contains TCF/LEF1 
binding motifs before GFP on the plasmids, can be introduced into both wild type 
cells and KO cells. Therefore, the WNT pathway activity can be monitored in real 

























CHAPTER 5: CONCLUSION 
hESC is a unique cell type that can potentially proliferate indefinitely and differentiate 
into almost all the cell types in our body. Thus, it is regarded as one promising cell 
resources for regenerative medicine and also can be applied for cell developmental 
modelling and disease modelling. In the past decade, to uncover the mechanism of 
human ESC self-renewal, large scale high-throughput screening such as siRNA screen 
was conducted on hESC. Many novel pluripotency genes were discovered and 
signalling pathways that control hESC pluripotency status have also been well studied. 
However, the functional study of the genes that drive progenitors and terminally 
differentiated cells development is restricted due to the increasing heterogeneity of the 
in vitro differentiated cells. There are no current protocols that can achieve 100% 
efficiency to differentiate hESC into certain lineages. The cell proliferation, cell 
homogeneity and a reliable readout are important for high-throughput screening and a 
heterogeneous differentiated cell population based on published protocol yet cannot 
fulfil these requirements. Therefore, we need a tool to identify and isolate the cells of 
interest from a pool.  
We established a transposon BAC reporter system and applied this to endodermal, 
mesodermal, ectodermal, trophectoderm, PGC lineage cells. This system utilizes the 
characteristic of the transposon to integrate the whole BAC containing reporter 
cassette into the genome. The advantage of this system is that the construction of a 
certain gene’s reporter line will not influence that the performance of that gene’s two 
119 
endogenous alleles, which is a demerit for ATG and 3’UTR knockin reporter system. 
The disadvantage of this system is that the integration site is random. Although 
several transposon targeting sites profiling study has shown that the preferred 
targeting sites of the Tol2 transposon are introns and intergenic regions, the potential 
risks of interfering some genes’ expression still cannot be elucidated. In summary, 
there is no perfect system yet and one possible improvement for the current system is 
to insert the whole BAC into genome safe harbour locus such as AAVS1 by 
CRISPR-Cas9 or other methods. 
The application of the reporter lines have also been illustrated in this thesis. We have 
utilized the LGR5-GFP reporter line to identify the appearance of intestinal stem cells 
and took advantage of ALB-GFP reporter line to isolate hepatocytes and to screen 
optimal condition to culture the ALB+ hepatocytes in vitro. More lineage specific 
markers can be included in the reporter list and the establishment of double colours 
reporter system can extend the application of the reporter lines into a broaden area. 
We also present the reporter based approach to discover novel function of lgr6 in 
human mesoderm development. The depletion of LGR6 leads hESC into a 
prime-mesoendoderm state. The cardiac differentiation illustrates the defect of the 
LGR6 KO in cardiomyocytes development. Further analysis shows this phenotype is 
driven by increased NANOG binding on the mesodermal genes. However, the factors 
that regulate the NANOG in KO cells are still unclear and it may also be interesting to 
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further understand the WNT pathway activity in KO cells during cardiac 
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